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 Carbon dioxide sequestration has been proposed as a way to reduce anthropogenic 
carbon dioxide emissions.  Several characteristics are required in order for a geologic 
formation to be suitable for sequestration.  There must be an impermeable confining layer 
to restrain CO2 migration toward the surface, the porosity and permeability must be high 
enough to allow for long term injection and substantial storage capacity, and the 
formation must be strong enough for long term injection to occur without inducing 
fractures. 
 In this work, The Reagan and Lamotte Sandstones near Springfield, Missouri 
were evaluated for the potential for carbon dioxide sequestration.  The Derby-Doe Run, 
Davis, and Bonneterre Formations provided a confining layer for these two sandstones.   
City Utilities Exploratory Well #1 was drilled through these formations and over 600 feet 
of core was collected.  In addition, open hole well logs were run, hydrogeologic tests 
were performed, and geomechanical tests were performed. 
 Lab measurements were made for porosity, permeability, Young’s Modulus, and 
Poisson’s Ratio on collected core.  Well logs, hydrogeologic data, and geomechnical data 
were analyzed to find estimates for porosity, permeability, Young’s Modulus, Poisson’s 
Ratio, fracture breakdown pressure and minimum in situ stress. 
 The confining layer had low permeability and higher Young’s Modulus and 
Poisson’s Ratio values than the target sandstones.  However, the analysis of the Reagan 
and Lamotte Sandstones revealed that these zones have low storage capacity and may not 
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Equations 1 and 2 
ϕD, shale corrected = shale corrected density porosity 
ρma = matrix density (g/cc) 
ρb = bulk density (g/cc) 
ρfl = formation fluid density (g/cc) 
ϕshale = shale porosity 
Vsh = shale volume 
ρshale = shale density (g/cc) 
 
Equation 3 
ϕs = sonic porosity 
Δtlog = log interval transit time (µsec/ft) 
Δtma = matrix interval transit time (µsec/ft) 
 
Equation 4 
k = permeability (md) 
P1 = upstream pressure (atmospheres) 
P2 = downstream pressure (atmospheres) 
μ = viscosity (cp) 
L = length (cm) 
A = area (cm
2
) 
Q = gas flow rate (cc/s) 
 
Equation 5 
k = permeability (m
2
) 
κ = hydraulic conductivity (m/s) 
μ = dynamic viscosity (kg/m-s) 
ρ = density (kg/m3) 







Equations 6 and 7 
Vshale = shale volume 
GR = gamma ray reading (API) 
GRmin = shale free gamma ray reading (API) 
GRmax = 100% shale gamma ray reading (API) 
 
Equations 8 and 9 
E = dynamic Young’s Modulus (Pa) 
ρ = density (kg/m3) 
Vp = compressional wave velocity (m/s) 
Vs = shear wave velocity (m/s) 
ν = Poisson’s Ratio 
 
Equation 10 
σh-min = minimum in situ stress (psi) 
ν = Poisson’s Ratio 
σv = overburden pressure (psi) 
Pp = pore pressure (psi) 
 
Equations 11 to 13 
μ = viscosity (cp) 
μo = reference viscosity (cp) 
T = temperature (°R) 
To = reference temperature (°R) 










κCO2 = hydraulic conductivity of carbon dioxide (ft/day) 
h =height of selected interval (ft) 
FVF = formation volume factor (RCF/SCF) 
ϕ = average porosity of selected interval 
%CO2 = percentage of pore space occupied by carbon dioxide 
 
Equations 15 and 16 
h = height (ft) 
ϕ = porosity 
FVF = formation volume factor (RCF/SCF) 
%CO2 = percentage of pore space occupied by carbon dioxide 
z = compressibility factor 
T = temperature (°R) 
p = pressure (psi) 
 
Equations 17 to 23 
z = compressibility factor 
T = temperature (°R) 
Tpc = pseudocritical temperature (°R) 
Tpr = pseudoreduced temperature (°R) 
p = pressure (psi) 
ppc = pseudocritical pressure (psi) 










 Published reports have cited anthropogenic greenhouse gas emissions from 
widespread use of fossil fuels as a cause for rising temperatures on earth (IPCC, 2005).  
Furthermore, the demand for fossil fuels throughout the United States and the world is 
projected to increase in the near future.  According to the Energy Information Agency, in 
2009 in the U.S., 1.06 million short tons of coal, 5.17 billion barrels of crude oil, and 23.4 
trillion cubic feet of natural gas were consumed.  This caused the total carbon dioxide 
emissions in the U.S. in 2009 to be 5.51 billion metric tons.  In the U.S. in 2035, the EIA 
projects that 1.32 million short tons of coal, 5.46 billion barrels of crude oil, and 24.7 
trillion cubic feet of natural gas will be consumed.  The forecasted U.S. carbon dioxide 
emissions in 2035 are 6.34 billion metric tons (EIA, 2010).  Though carbon dioxide is 
one of many greenhouse gases, including water vapor, methane, and ozone, excess 
carbon dioxide in the atmosphere has been reported to account for 64% of the enhanced 
greenhouse effect (Bryant, 1997).  Hence, reducing carbon dioxide emissions has been 
proposed as a method to curb rising global temperatures. 
 There are many ways in which carbon dioxide emissions could be reduced in the 
future.  First, emissions could be reduced by more efficient energy use.  Next, emissions 
could be reduced by substituting natural gas, biofuel, hydrogen, or electric power for 
gasoline and diesel fuel in the transportation sector.  Emissions could also be reduced in 
the electric generation sector by substituting natural gas fired power plants for coal fired 
power plants or by using alternative energy such as solar or wind generated power more 
extensively.  Lastly, emissions could be reduced by capturing carbon dioxide produced 
during combustion and sequestering it in the subsurface (Economides, 2009). 
 When considering carbon dioxide sequestration, it is not practical to capture 
carbon dioxide emissions from the transportation sector.  However, capturing CO2 from 
point sources to sequester into subsurface formations is an attractive way to reduce CO2 




CO2 can be used in enhanced oil recovery (EOR) applications to produce additional 
hydrocarbons, can be sequestered in depleted oil and gas fields, can be sequestered in 
deep unmineable coal seams, and can be sequestered in saline aquifers.  Current CO2 
EOR projects use naturally produced carbon dioxide instead of captured carbon dioxide.  
Saline aquifers have the largest potential for sequestering CO2 because saline aquifers are 
more abundant than either of the first two options.  Though the practice is still relatively 
new, there are a few active projects for injecting captured CO2 into deep saline aquifers, 
such as the Sleipner Gas Field.  Each year since 1996, approximately 1 MtCO2 that has 
been collected from produced gas has been injected into the Utsira Sandstone at a depth 
below 2625 ft in the North Sea (IPCC, 2005). 
 The cost of drilling deep wells and building a pipeline infrastructure to transport 
captured CO2 into deep saline aquifers is not always practical because it may be too 
costly.  The Department of Energy has established 7 regional partnerships to address 
carbon sequestration in the U.S. and Canada, and Missouri is included in the Plains CO2 
Reduction Partnership (PCOR) to inject CO2 in the Williston Basin.  Figure 1.1 shows 
possible future pipelines to deliver CO2 to the Williston Basin.  Moving CO2 from 
southwestern Missouri to the Williston Basin will be especially costly, so it could be 
possible to inject locally captured carbon dioxide into a shallow aquifer at a much lower 
cost. 
 This study looks at the possibility of injecting captured CO2 into the Lamotte and 
Reagan Sandstones in southwestern Missouri, next to City Utilities Southwest Power 
Station.  To be suitable for sequestration, the formation characteristics must meet 
requirements for storing carbon dioxide for a long period of time without leakage.  The 
formation must be a porous and permeable zone with adequate storage capacity, have an 
impermeable confining layer with properly sealed wells to prevent leakage, have a high 
enough formation strength to endure long term injection at a stable injection pressure, and 
be in a stable geologic environment.  An exploratory well was drilled in the formation 
from which core samples, well log data, hydrogeologic data, and geomechanical data 
were collected.  These were used to determine the porosity, permeability, Young’s 
Modulus, Poisson’s Ratio, formation breakdown pressure, and minimum in situ stress of 




thesis summarizes the analysis of these formation properties to determine if the Reagan 















2.1. MECHANISMS OF CARBON DIOXIDE SEQUESTRATION 
 There are four main trapping mechanisms for carbon dioxide that has been 
injected into subsurface aquifers.  The occurrence of the four trapping mechanisms 
depend on the length of time the CO2 has been sequestered and the density of the CO2 or 
the CO2-brine solution, and the storage capacity of the subsurface formation is dependent 
upon which trapping mechanisms are occurring.  Figure 2.1 displays the four trapping 









 The first trapping mechanism is structural trapping.  When the CO2, which is less 
dense than the formation water, is initially injected into the aquifer, it will collect at the 
top of the formation, so the sealing cap rock is the only reason the CO2 will not continue 
to migrate toward the surface.  This could create problems because, if the deep saline 
formation is not in a closed underground volume, the gas will continue to migrate radially 
at the top of the formation.  Therefore, as in the Sleipner Gas Field case, the formation 
must be extensive enough to contain the CO2 underneath a sealing layer until the other 
trapping mechanisms can occur (Ennis-King et al., 2002). 
 The second trapping mechanism is residual trapping.  This occurs when the CO2 
bubbles are trapped by capillary pressure in pore spaces in the formation.  These CO2 
bubbles are immobile, so there is little chance for leakage to the surface (Gibson-Poole et 
al., 2006). 
 The third trapping mechanism is solubility trapping.  After the carbon dioxide 
bubbles are mixed in with the saline formation water for an extended period of time, they 
will begin to dissolve into solution with the formation water.  With more and more 
dissolution of the CO2 into the formation water, a convection effect will occur.  The 
formation water with CO2 dissolved in it will become about 1% denser than formation 
water without CO2.  Over time, this CO2 laden brine will migrate toward the bottom of 
the formation, causing leakage to the surface to be even more improbable (Ennis-King et 
al., 2002).  If the CO2 is immiscible with the saline formation water, as is the case in 
some deep saline aquifers, the trapping mechanism is called hydrodynamic trapping.  
Hydrodynamic trapping will occur when the formation water surrounds the CO2 bubbles 
and the bubbles will migrate with the water underground.  However, hydrodynamic 
trapping is only a viable solution when the formation is a very extensive formation which 
is sealed by cap rock for hundreds of kilometers.  In this case, the length of time for the 
CO2 to reach the surface can be millions of years (IPCC, 2005). 
 The fourth trapping mechanism is called mineral trapping.  Because this is an 
extremely slow process, this mechanism could take thousands of years or more to occur.  
The theory is that the formation rock will dissolve and react with the carbon dioxide, 





 For a shallow aquifer, the structural trapping will be by far the predominate 
mechanism for trapping.  The amount of gaseous CO2 that can be injected will greatly 
depend on its mobility through the formation, and the mobility of the carbon dioxide is 
going to be dependent on the mobility of the fluid in the formation.  While the migration 
of the carbon dioxide will be affected by gravity segregation, permeability anisotropy, 
relative permeability values, and viscous fingering, the two most dominant factors will be 
gravity segregation between the brine and CO2 and the permeability anisotropy of the 
formation (Ennis-King et al., 2002).  Problems could arise in a shallow aquifer if it is in a 
closed underground volume because the saline formation fluid would not be able to be 
displaced without increasing the pore pressure significantly.  So, without significant 
residual or solubility trapping, the injection rate would be slowed over time and injection 
will undergo exponential decline if the initial injection rate exceeds an allowable value 
(Economides, 2009).  This may cause the storage capacity for sequestered carbon dioxide 
of the formation to be too low to be a practical means to dispose of CO2. 
 
2.2. FORMATION PROPERTIES REQUIRED FOR CO2 SEQUESTRATION 
 The criteria for whether a formation is suitable for CO2 sequestration includes 
having adequate storage capacity, satisfactory seal above it to prevent leakage, the ability 
to endure a long term injection, and a stable geologic environment.  Figure 2.2 shows a 
screening system that was modified from Bachu’s work in 2003 that can be used to 
identify formations with the most promise for long term CO2 sequestration. 
 The potential storage capacity of a formation will depend on several parameters.  
First, it is important to understand the phase behavior of carbon dioxide as it is injected 
into the formation.  Carbon dioxide has a critical temperature of 88 °F and a critical 
pressure of 1070 psi.  Above these values, CO2 exists in a supercritical state.  The density 
of a supercritical fluid is greater than its respective gaseous or liquid state, so that will 
help maximize the storage capacity of any formation.  Below these values, carbon 
dioxide will exist in either a liquid or a gaseous state.  In order for the CO2 to exist in a 
supercritical state, the formation needs to be deeper than 800 meters, or 2625 feet, 
assuming normal temperature and hydrostatic pressure gradients.  In shallow formations, 










will be two phase flow, the density of the CO2, as well as the storage capacity of the 
formation, will significantly increase with depth.  Next, it is easy to recognize that the 
size, radial area and thickness, and the porosity of the formation will affect the storage 
capacity.  The carbon dioxide will only fill a small percentage of the total pore space in 
the formation, as it has been found that, realistically, CO2 is only likely to fill up to 1% of 
the total pore space.  Depleted oil reservoirs that have not been put under water drive are 
better candidates for sequestration because they have the most pore space available that is 
not occupied by water (Economides, 2009).  In addition, other parameters that greatly 
affect potential storage capacity are both horizontal permeability anisotropy and vertical-




CO2 will force the formation to not be able to accept as much CO2 in a practical time 
frame (Ennis-King et al., 2002). 
 Many conditions need to be considered in order to ensure the sealing rock is 
adequately impermeable to reduce possible leakage of sequestered CO2.  First, the 
permeability of the cap rock should be less than one microdarcy.  A study on the Sleipner 
Gas Field CO2 Sequestration Project determined that 25 meters, or about 82 feet, of 
essentially impermeable cap rock is necessary to guarantee that the gas will not be able to 
leak toward the surface (Johnson et al., 2000).  Monitoring the surface after injection into 
the Utsira Sandstone (Sleipner Gas Field) has ensured that carbon dioxide has not been 
leaking.  In the Weyburn CO2 EOR project, which started in 2000, extensive monitoring 
has been performed and there was no leakage observed as of 2005 (IPCC, 2005).  If the 
carbon dioxide does not leak through the cap rock, there is still a possibility that it could 
leak up the side of an improperly sealed borehole, such as leaking up through cracked 
cement around the casing of the well.  This means that if any older wells are drilled in the 
area of the shallow aquifer, there is a chance that they were not properly sealed and the 
carbon dioxide could escape to the surface or to the fresh water aquifer above.  In 
addition, an extensive study should be performed to ensure there are no natural fractures 
that exist in the formation.  If the formation is fractured, the CO2 could migrate through 
natural fractures toward the surface (IPCC, 2005).  Lastly, the radial distance the cap rock 
extends from the injection location, as well as its continuity, need to be investigated to 
verify there will be no leakage for shallow aquifer sequestration.  Unless the identified 
sealing layer is extensive, it is not recommended to sequester into local or intermediate 
flow systems because these shallow aquifers have a relatively short travel time and CO2 
may escape before it dissolves in the saline formation fluid.  It is best to make sure the 
system is a closed volume (Bachu et al., 2002). 
 In order for a formation to endure a long term constant injection, the formation 
needs to not breakdown easily.  Once either the breakdown pressure or the minimum in 
situ stress have been breached, the formation will fracture or any existing fractures in the 
formation will open and begin to grow.  Formations with a high Poisson’s Ratio and a 
high yield strength have lower chances of fracturing and allowing CO2 to migrate 




especially in a closed underground volume, will also limit the storage capacity of the 
formation. 
 A stable geologic environment is essential to make sure that there are not any 
faults that could become active, thus releasing the CO2 toward the surface. 
 The above reasons are geological reasons that determine whether a formation is 
adequate for sequestration, but there are also logistical reasons to determine if a 
sequestration project is even practical.  Storage costs can range from $0.6-$8.3/tCO2 
(IPCC, 2005).  Sequestration may not be economical for some formations because they 
require too many wells or the wells are very deep.  Suitable formations may not be close 
enough to the captured CO2, making an extensive pipeline network necessary, such as 
one that would be needed to transport CO2 from Missouri to the Williston Basin.  Still 
other formations may sit below oceans or problematic terrain such as a dense forest or a 
mountain.  Another logistical reason to rule out sequestration for a particular reservoir is 
the fact that there may be a chance that hydrocarbons could be produced from that same 
area in the future.  It would not be advantageous to sequester CO2 where it could migrate 
into a field that could be productive in the future, requiring the CO2 to be produced to the 
surface along with hydrocarbons.  All of these need to be taken into consideration when 
selecting a formation that could be applicable for carbon dioxide sequestration. 
 
2.3.  OVERVIEW OF CAMBRIAN PERIOD LITHOLOGY IN 
SOUTHWESTERN MISSOURI 
 
 The formations of interest for this study were all deposited in the Cambrian 
Period.  All the rocks of the Cambrian Period in Missouri are sedimentary rocks, meaning 
they were formed through transport, deposition, and lithification.  During the Cambrian 
Period, which lasted from 544 to 505 million years ago, Missouri was a coastal and 
marine environment.  At the beginning of the period, Missouri was not entirely 
submerged under water.  But throughout much of the period, Missouri was submerged 
under a warm continental sea which was relatively shallow, at most a couple hundred 




Davis, Derby-Doe Run, Potosi, and Eminence Formations (Schaper, 2011).  All of these 
except for the Potosi and Eminence Formations were the formations of interest in this 
study.  Figure 2.3 shows the detailed stratigraphy of the formations of interest. 
 
 
Figure 2.3. Detailed Strigraphy of Cambrian Lamotte and Overlying Formations 





 The Lamotte Sandstone is the first formation that was deposited in the Cambrian 
Period.  The Lamotte Sandstone thickens in Missouri from around 100 feet in western 
Missouri to 400-500 feet in eastern Missouri.  It is a transgressive deposit with six 
upwardly fining facies (Boongird, 2006).  The first (deepest) four facies were deposited 
in an alluvial fan or braided stream environment.  The last two facies were deposited in a 
lagoon or marine environment.  This relationship shows the change in sea level 
throughout the time that the Lamotte Sandstone was deposited (Kraenzle, 1987).  The 
deeper parts of the Lamotte Sandstone contain angular quartz and feldspar-bearing rock 
fragments, as well as many dark minerals that are cemented together in a clay matrix.  
The shallower sections contain more rounded quartz only, with fewer rock fragments 
(Schaper, 2011).  Figure 2.4 shows the depositional model for the Lamotte Sandstone. 
 The transition from the Lamotte Sandstone to the Bonneterre Dolomite is 
gradational.  The Bonneterre Dolomite is a dolomitized limestone that is a hard dense 
dolomite which is often vuggy.  It contains a high volume of glauconite with many thin 
layers being nearly 100% glauconite (Kraenzle, 1987).  Its lithology is consistent with 
being deposited in a marine environment due to the high volume of shale present, which 
is generally associated with either shallow tidal flats or deep sea mud (Schaper, 2011).  
With the exception of the lower facies of the Lamotte Sandstone, all the Cambrian Period 
rocks in Missouri were deposited when Missouri was under water. 
 The Reagan Sandstone grades laterally into the Bonneterre Dolomite, as can be 
seen in Figure 2.3.  It is a marginal marine sandstone that was deposited adjacent to the 
Bonneterre Dolomite during the same transgressive sequence.  The Reagan Sandstone is 
a fining upwards formation that is poorly sorted.  It contains arkose sandstone near the 
base and becomes nearly all quartz sandstone at the top, but also commonly has shale and 
silt mixed in throughout the entire formation (Kraenzle, 1987). 
 The Davis and Derby-Doe Run Formations are above the Bonneterre Formation.  
The Davis Formation is identified by the many thick layers of dark shale that it contains, 














can be difficult to tell apart because both are shale rich, though the Bonneterre Formation 
does not contain quite as high of a shale volume as the Davis.  The Derby-Doe Run 
Formation overlays the Davis Formation.  Just like both the Bonneterre and Davis 
Formations, it is a shaly dolomitized limestone.  This is consistent with the fact that all 











 City Utilities Exploratory Well #1 was drilled in Springfield, Missouri adjacent to 
the grounds of City Utilities Southwest Power Station.  The exploratory well was drilled 
to a depth of approximately 2187 ft, into Pre-Cambrian rock.  Figure 3.1 shows the 
wellbore borehole diagram with borehole diameter and casing points.  Figure 3.2 shows 
the depths of the formations as they were intersected by the wellbore.  Three continuous 
core intervals were cut.  These included rock from the Potosi, Derby-Doe Run, Davis, 
and Bonneterre Formations from 1454 ft to 1727 ft, rock from the Bonneterre and Reagan 
Formations from 1727 ft to 1787 ft, and rock from the Reagan, Bonneterre, Lamotte, and 
Pre-Cambrian Granite Formations from 1787 ft to 2187 ft.  All core retrieved was 
qualitatively analyzed at the wellsite to determine formation tops and general lithology.  
Photographs of the core are shown in Appendix A.  Samples were then selected from the 
core to use for core testing. 
 The confining layer (1460 ft – 1780 ft) consisted of rocks from the Potosi, Derby-
Doe Run, Davis, and Bonneterre Formations, and the target formation (1780 ft – 2120 ft) 
consisted of rocks from the Reagan, Bonneterre, and Lamotte Formations, as shown in 
Figure 3.2.  A total of 47 samples were selected from the confining layer, and 76 samples 
were selected from the target formation.  The samples were collected with the attempt of 
collecting a representative group of the entire formation.  In the confining layer, a sample 
was taken approximately every six or seven feet, and large gaps between selected 
samples were avoided whenever the core was not damaged.  These core samples 
consisted of shale rich dolomite.  In the target formation, samples were selected more 
frequently, particulary throughout the Reagan and Lamotte Sandstones.  This selection 
method ensured that samples were selected uniformly along the entire length of the 
confining layer and target formation while also ensuring that a significant number of 


















































 The core collected from City Utilities Exploratory Well #1 was 2.5 inches in 
diameter.  A 1 inch diameter core was required for analysis, so a 1 inch diameter core 
plug was drilled from the center of each of the collected 2.5 inch diameter core samples 
using a core drill.  To stabilize the 2.5 inch diameter core sample during drilling, the 
samples were secured with a bar clamp chained to the drilling platform in between two 
sections of a 4x4 wood beam as shown in Figure 3.3.  Once the core plugs had been 
drilled, both ends were cut with a rock saw so that they were flat and perpendicular to the 
center axis along the length of the core plug. 
 The core samples were saturated with water when the core was collected and 
water was also used to cool the coring drill bit and the rock saw blade as the core was 
being cut.  A dry core plug is required for analysis, so the 1 inch core plugs were then 
dried in an oven at 100 degrees Celsius.  The samples were weighed each day during the 
drying process, and they were dried until the samples had reached a stable weight, 
indicating that the sample had no more water in the pore spaces. 
 
 








4.1. WELL LOGS 
 A standard suite of open hole logs were run subsequent to each cored interval.  
For each cored interval, the log suite included a density, gamma ray, neutron-density 
porosity, sonic, and pressure-temperature log.  All well log data was provided in ASCII 
format, so the data could be combined to create a single, continuous file for the length of 
well logged.  Well log data can be found in Appendix B. 
 The density log was analyzed from 1465 ft to 2150 ft, and was used in 
determining porosity and Young’s Modulus.  The gamma ray log was analyzed from 
1400 ft to 2150 ft, and was used in determining shale volume percentage for the porosity 
calculation and for comparing the amount of shale present to the lab measured 
permeability.  The neutron porosity log was analyzed from 1628 ft to 2150 ft, and was 
used in determining porosity.  The sonic log, which included measurements for both 
compressional wave travel time and shear wave travel time, was analyzed from 1400 ft to 
2150 ft, and was used in determining porosity, Young’s Modulus, and Poisson’s Ratio.  
The pressure-temperature log was analyzed only in the target formation from 1790 ft to 
2120 ft, and was used to determine the average reservoir pressure and temperature for the 
formation volume factor calculation and for comparing initial formation pressure to 
fracturing pressure and minimum in situ stress. 
 
4.2. HYDROGEOLOGIC AND GEOMECHANICAL TESTING 
 4.2.1. Pressure-Injection Tests.  Standard shut in pressure tests were run by 
Golder Associates throughout the confining layer and target formation.  These tests were 
completed by applying a hydraulic pressure on the formation with a static water column 
and measuring the amount the water column decreased over a period of time due to the 




to determine water hydraulic conductivity (MSU, 2011).  Water hydraulic conductivity 
data was used to estimate permeability over each interval in the well. 
 4.2.2. Hydrofrac and Hydrojack Tests.  Golder Associates also performed 
hydrofrac and hydrojack tests over ten intervals in the target formation.  The hydrofrac 
test procedure included pressuring the formation hydraulically using a constant injection 
rate.  The maximum hydraulic pressure applied was sufficient to induce a hydraulic 
fracture in the formation.  After a fracture had been initiated, injection was stopped and 
pressure falloff was monitored.  This method was repeated three times for each interval 
tested.  These data sets were analyzed to determine initial formation breakdown pressure 
and minimum in situ stress.  The hydrojack test procedure included pressuring the 
formation hydraulically using several fixed injection pressures, each increasing slightly 
from the one before.  The highest injection pressures should exceed formation parting or 
fracture pressure.  This test can be analyzed to determine the fracture extension pressure 










5.1.1. Core Testing.  Porosity of core plugs was determined using the saturation 
method.  This method requires a fluid sample of a known density.  It was decided that 
formation fluid collected from City Utilities Exploratory Well #1 would be used for the 
test.  Two formation water samples were collected, one from within the Reagan 
Formation and the other from within the Lamotte Formation.  The mass of each fluid was 
measured in 10 mL intervals from 10 mL to 100 mL at lab conditions.  This process was 
repeated four times for each sample, so there were 40 readings taken for each fluid 
sample.  The average density of these 40 mass and volume readings were taken to 
determine the average density of the fluid from each formation.  These measurements can 
be found in Appendix C.  The density of the Reagan Formation fluid sample was 0.9865 
g/cc and the density of the Lamotte Formation fluid sample was 0.9902 g/cc.  Both 
samples were found to have relatively fresh water composition, and at a laboratory 
temperature of 25 °C, fresh water should have a density of approximately 0.99 g/cc, so 
the density values were consistent (CRC, 1987). 
 The length and diameter of each core plug was measured using calipers to 
determine bulk volume, and then mass of each dry core plug was measured.  Next, the 
samples were placed in a sealed chamber connected to a vacuum pump to eliminate any 
air remaining in the pore spaces.  After that, the core was saturated with the appropriate 
formation water sample.  The vacuum chamber used to saturate the samples is shown in 
Figure 5.1.  Confining layer samples were saturated with Reagan Formation water.  
Target formation samples with depths above 1900 feet were saturated with Reagan 
Formation water, and samples with depths below 1900 feet were saturated with Lamotte 
Formation water. 
 Once each sample was completely saturated, it was removed from the vacuum 




and saturated masses, and knowing the fluid density, the volume of water in the pore 
space can be calculated.  This is equal to the pore volume.  Pore volume was divided by 
the bulk volume to find porosity for each sample.  Once pore volume is determined, grain 
volume is calculated by subtracting the pore volume from the bulk volume.  Grain 
density is calculated by dividing the grain volume by the dry mass of the sample.  
Appendix D summarizes each core sample’s length, diameter, volume, and mass used in 









5.1.2. Well Log Analysis.  Porosity was estimated from the well logs using three 
different methods: the shale corrected density porosity, the corrected neutron porosity, 
and the sonic porosity. 
 The density porosity is calculated from the bulk density log when the rock matrix 




methodology for calculating shale volume is discussed in Section 5.2.3.  Shale volume 
percentages and 100% shale porosity are used as a correction to the basic density porosity 
equation because a homogeneous sandstone or dolomite formation is not encountered in 
this well. 
 Shale corrected density porosity is calculated using Equations 1 and 2 (Crain, 
2010).  In these equations, matrix density (ρma), fluid density (ρfl), and shale porosity 
(ϕshale) are held constant.  Shale porosity was calculated from the 100% shale layers 
within the confining layer.  In the 100% shale porosity calculation, the matrix density was 
set to 2.65 g/cc and the fluid density was set to 1.0 g/cc.  The shale density (ρshale) was 
found to be 2.641 g/cc, which was the average of the densities for the zones in the 
confining layer that were determined to have 100% shale by the gamma ray log readings.  
This made the shale porosity equal to 0.5445%, which correlates well with the porosity 
measured in the confining layer core analysis for shale rich zones.  Shale commonly 
exhibits high microporosity, but when using the saturation method, the fluid used to 
saturate the sample appeared to be unable to fill the extremely small pore spaces, so a low 
porosity was measured. 
 For the shale corrected density porosity calculation, the fluid density was set 
equal to 1.0 g/cc and the matrix density varied according to the lithology of the particular 
formation being evaluated.  The matrix density was determined to be the average grain 
density measured with core testing for each formation.  The Lamotte Formation matrix 
density was set to 2.648 g/cc, the Reagan Formation matrix density was set to 2.652 g/cc, 
the Bonneterre Formation matrix density was set to 2.762 g/cc, the Davis Formation 
matrix density was set to 2.727 g/cc, and the Derby-Doe Run Formation matrix density 
was set to 2.782 g/cc.  The method of determining matrix density could be improved 
upon by using X-Ray Diffraction to determine which minerals were present in the 
separate formations, then using the amount of those minerals present and their densities 
to calculate a more accurate matrix density.  In all cases, the average density porosity was 
calculated for each five foot interval in the confining layer and target formation by using 
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where:       (2) 
 
 
 Neutron porosity was determined from the neutron log values by correcting the 
limestone porosity for the appropriate lithology.  The neutron porosity log values are 
reported in Limestone Porosity Units (LPU), and these values can be corrected for 
lithology using Figure 5.2.  This is not the most accurate way to determine the true 
porosity because it requires the assumption that the formations have a uniform lithology, 
i.e., the lithology of the Reagan and Lamotte Formations are assumed to be pure 
sandstone.  This is unlikely to be the case.  However, the estimate of porosity from this 
correlation will still be useful in verifying the values gained from other methods and 
providing a general range of porosity values throughout the confining layer and target 
formation.  As in the density porosity calculation, the average corrected neutron porosity 
was determined for each five foot interval by using the average ϕNLS and lithology 
assumption over each five foot interval. 
 Sonic porosity was calculated using the Raymer-Hunt-Gardner equation, which is 
given in Equation 3.  This equation uses interval transit time of the compressional wave 
in the formation from the sonic log (Δtlog).  The equation also requires the interval transit 
time of a compressional wave in the dry rock matrix (Δtma) to be known.  Using the 
correlation in Figure 5.3, the apparent interval transit time of the dry rock matrix can be 
determined by comparing the neutron limestone porosity in LPU and the log value of the 
interval transit time of the compressional wave (Asquith et al., 2004).  The average 
apparent matrix interval transit time was calculated over each five foot interval in the 
confining layer using the average ϕNLS and Δtc over each interval.  Then the average 
























5.2.1. Core Testing.  The permeability of each core plug was determined by a 
Klinkenberg test using a gas permeameter.  This test is based on calculating the gas 
permeability of the core for at a range of pressures with Darcy’s Law for gas flow, given 
in Equation 4 (Core Lab, 2010). 
 
 





 The test was performed using an Ultra-Perm 600 gas permeameter manufactured 
by Core Laboratories/Temco Instruments, and the experimental setup is shown in Figure 
5.4.  This instrument uses the constant pressure method for testing gas permeability, 
where the upstream pressure is held constant and both the differential pressure across the 
core and the gas flowrate are measured. 
 First, a dry core plug is placed in the Hassler-type core holder and 1000 psi of 
confining pressure is applied around the core sleeve using hydraulic fluid.  Nitrogen gas 
then exerts a pressure on the upstream side of the core plug and nitrogen gas begins to 
flow through the porous media to the downstream side.  As the nitrogen gas passes 
through the core plug, the instrument measures the upstream gas pressure and the 
differential pressure across the core, which is used to find the downstream pressure.  The 
instrument is also equipped with mass flow meters that measure the flowrate of the 
nitrogen gas passing through the sample.  The gas viscosity, core length, and core area 
are known.  When the pressure and flowrate stabilize, the single point steady-state gas 
permeability for the mean gas pressure applied can be calculated using Equation 4. 
 For a Klinkenberg test, the steady-state gas permeability must be calculated at 
several pressures.  For each successive data point, the upstream pressure is adjusted and 
the steady-state gas permeability is determined for the next mean pressure applied.  After 
several single point steady-state gas permeability values are determined, they can be 
plotted on a Klinkenberg Plot (k vs. 1/Pmean).   The absolute permeability is determined 
by extrapolating the best fit line to the y-intercept (Core Lab, 2010).  An example 
Klinkenberg Plot is shown in Figure 5.5, where the absolute permeability is 712.75 md.  
The permeability measurement data and Klinkenberg plots for each core sample tested 

















y = 24546x + 712.75 























5.2.2. Water Hydraulic Conductivity.  Water hydraulic conductivity values 
were determined by researchers at Missouri State University based on the standard shut 
in pressure tests performed by Golder Associates on Exploratory Well #1.  Hydraulic 
conductivity is related to permeability with Equation 5 (Fetter, 1978). 
 
 
      (5) 
 
 
 In this calculation, the dynamic viscosity of water as it is injected is assumed to be 
1 centipoise (0.001 kg/m-s), the density of water is assumed to be 1000 kg/m
3
, and the 
gravitational constant is assumed to be 9.8 m/s
2
.  Water hydraulic conductivity values are 
calculated in units of meters per second, so after permeability is calculated in units of 
meters squared, the value must be converted to millidarcies based on the relationship of  





 The hydraulic conductivity method provides an estimated average permeability 
over the intervals that were injection tested by Golder Associates’, so values of 
permeability at specific depths are not calculated for direct comparison with core 
permeability measurements.  However, average values from hydraulic conductivity tests 
are useful for a general comparison with core permeability over the selected intervals. 
 5.2.3. Shale Volume.  The percentage of shale volume in the rock matrix (called 
shale volume or Vshale) is determined using the gamma ray log.  While the shale volume 
cannot be used to calculate a value of permeability, it can qualitatively indicate whether 
or not there is the potential for adequate permeability to exist.  Since shale has a small 
grain size, shale rich formations will have a greater number of small pore throat sizes.  
Therefore, smaller permeability is much more likely in a shale rich formation than in 
clean, shale free formations. 
 Three separate gamma ray logs were run in Exploratory Well #1; one each with 
the density log, the resistivity log, and the porosity log.  These three gamma ray logs 




readings, the volume of shale present in the formation was calculated using the Steiber 
equation, given in Equations 6 and 7 (Asquith et al., 2004). 
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where:       (7) 
 
 
 The GRmin value, which is the lowest gamma ray reading, is assumed to be a 
clean, shale free formation.  The GRmax value, which is the highest gamma ray reading, is 
assumed to be a 100% shale formation.  Gamma ray readings were given in units of 
counts per second.  Gamma ray calculations use API units, which are assumed equal to 
the number of counts per second.  This assumption is valid because the IGR calculation 
uses a ratio of the incremental increase in gamma ray reading above the clean formation 
reading compared to the total difference in values of the shale formation and clean 
formation readings.  Therefore, as long as the units used are consistent, the final result 
will be accurate.  Each of the gamma ray logs could have different values for the 
minimum and maximum gamma ray readings, depending on the gamma ray tool used, so 
each log was analyzed separately and the results were compared.  The three different 
gamma ray logs produced consistent results for shale volume. 
 
5.3. YOUNG’S MODULUS AND POISSON’S RATIO 
 5.3.1. Core Testing.  The geomechanical rock properties (Young’s Modulus and 
Poisson’s Ratio) of the core plugs that were tested for porosity and permeability were 
determined by Britt Rock Mechanics, LLC.  To determine these properties, triaxial 
compression tests were used on each core sample.  The cylindrical core samples were cut 
to a length-to-diameter ratio of two (1” x 2”) with an inert fluid and endground flat and 
parallel, in accordance to ISRM standards (recommended tolerance in end parallelism is 




assembly was sealed with a thin, deformable, heat shrink jacketing material.  The jacket 
prevents confining fluid from penetrating into the sample and allows independent control 
and monitoring of the confining and pore pressures during testing. The endcaps are 
ported to allow application of pore pressure and/or flow if permeability is measured.
 Each triaxial compression test was performed by applying an axial load with a 
servo-controlled actuator, while both confining pressure and pore pressure were 
hydraulically generated.  Axial stress was monitored with a load cell, both confining 
pressure and pore pressure were monitored with conventional pressure transducers, and 
both axial strain and radial strain were measured using strain extensometers.  The 
Young’s Modulus was determined by calculating the slope of the axial strain data, and 
the Poisson’s Ratio was calculated as the ratio of radial strain to axial strain.  Both the 
Young’s Modulus and Poisson’s Ratio for each of the samples were recorded, and the 
stress strain curve for each of the samples tested can be found in Appendix F. 
 5.3.2. Well Log Analysis.  The static Young’s Modulus and Poisson’s Ratio were 
determined using StimPlan log analysis software.  The static Young’s Modulus is 
determined from the dynamic Young’s Modulus, or log-derived Young’s Modulus, which 
is calculated using the sonic log compressional (Vp) and shear (Vs) velocities and the bulk 
density (ρ) from the density log.  The dynamic Young’s Modulus is calculated using 
Equation 8.  Since the dynamic Young’s Modulus always gives a value that is too large, 
correlations can be used to correct it to a static Young’s Modulus (Jones, 2009).  
StimPlan software’s correlation for rock with porosity under 25% was used to make this 
correction.  The Poisson’s Ratio is calculated with Equation 9, using the sonic log 
compressional wave and shear wave velocities (NSI, 2011). 
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 The StimPlan software output was a log trace in ASCII format where the static 
Young’s Modulus and Poisson’s Ratio were given for the entire length of the confining 
layer and the target formation.  From this point forward, the term Young’s Modulus will 
be used to describe the static Young’s Modulus. 
 
5.4. FRACTURE PRESSURE AND MINIMUM IN SITU STRESS 
 5.4.1. Hydrofrac and Hydrojack Test Analysis.  When injecting carbon dioxide 
into a formation for storage, it is advised to make sure that injection pressure does not 
exceed formation fracturing pressure, i.e. the pressure above which the formation will fail 
and propagate a fracture.  To ensure that a fracture is not created, two properties need to 
be known: the formation breakdown pressure and minimum in situ stress. 
 Golder Associates’ performed hydrofrac tests in the target formation which were 
analyzed for initial formation breakdown pressure and minimum in situ stress.  Formation 
breakdown pressure was taken as the highest pressure reading on the pressure vs. time 
plot of the hydrofrac test before pressure decline.  The pressure readings provided were 
surface pressure readings, so these were adjusted to bottomhole pressure by adding the 
hydrostatic pressure provided by the fluid column.  Where two or three hydrofracs were 
repeated for a single interval, the subsequent breakdown pressures were typically lower 
than the initial breakdown pressure, indicating the fluid was re-opening the fracture. 
 Minimum in situ stress, which is also referred to as closure stress, was determined 
using StimPlan software.  The post-fracture pressure decline data were analyzed to 
identify closure stress.  For this analysis, the standard square root time plot was used 
where the pressure is plotted against the root time of the pressure decline, just as it would 
be used for any injection-decline test.  A linear line was fit tangent to the beginning of the 
falloff period and another linear line was fit tangent to the later part of the falloff period 
as the fracture was closing.  The intersection of these lines provides a good estimate of 
the closure stress of the formation (Jones, 2009). 
 Golder Associates’ hydrojack tests are step rate injection tests, where successive 
injection rates and pressures are measured.  Each hydrojack test was analyzed with the 
StimPlan software as a standard step rate test in order to find the fracture extension 




closure stress normally occurring within a few hundred psi below the extension pressure 
(Jones, 2009).  On a pump rate vs. pressure plot, a linear line was fit to the early elastic 
period of rock deformation and another linear line was fit to the later pressure data after 
the fracture had been opened.  The intersection of these two lines gives a good 
approximation of extension pressure.  An example of the hydrofrac test, hydrojack test, 
square root time plot, and extension pressure plot are shown in Figurers 5.6 through 5.9.  
All of the hydrofrac and hydrojack data plots, along with the StimPlan analysis plots for 




























 5.4.2. Eaton’s Equation.  Eaton’s equation (Equation 10) can be used to calculate 




    (10) 
 
 
 To apply Eaton’s equation, the Poisson’s Ratio (ν), overburden stress (σv), and 
pore pressure (Pp) must be known.  For Exploratory Well #1, overburden stress was 
calculated with the assumption that all the overlaying rock had an average density of 2.65 
g/cc.  Pore pressure was calculated with the assumption that the pore pressure gradient 
was 0.433 psi/ft.  Since Poisson’s Ratio was calculated using two separate methods, 




and the Poisson’s Ratio values calculated from Equation 9 (well log analysis).  First, the 
minimum in situ stress was calculated at each specific depth where a core sample was 
tested using the Poisson’s Ratio result from that particular core test.  Next, the minimum 
in situ stress was calculated throughout the entire target formation using the Poisson’s 
Ratio results determined through well log analysis of the sonic log using Equation 9.  
These two results for the minimum in situ stress calculation were then compared. 
 
5.5 POTENTIAL INJECTION RATE 
 A sustained injection rate test was not performed on Exploratory Well #1, so 
actual long term injection for CO2 storage is unknown.  This analysis provides a 
theoretical calculation of injectivity based on the 10 short term pump in tests conducted 
by Golder Associates’, as well as well log and core test data.  Theoretical injectivity was 
calculated for 10 different intervals: the entire target formation, the Reagan Formation, 
the Lamotte Formation, and each of the seven intervals in the target formation where 
Golder Associates’ performed shut in pressure tests. 
 Theoretical potential CO2 injectivity per day is a function of the hydraulic 
conductivity of carbon dioxide in the formation, the formation volume factor of carbon 
dioxide, the porosity of the formation, and the percentage of pore space that is occupied 
by CO2.  The method for calculating the formation volume factor (FVF) of carbon 
dioxide is discussed in Section 5.6.  The average FVF in the Reagan Formation is 
0.01413 RCF/SCF, and the average FVF in the Lamotte Formation is 0.01069 RCF/SCF.  
The calculations for both the Bonneterre Formation and entire target formation were 
assumed to have the average of those two values as its FVF value, which is 0.01241 
RCF/SCF.  Porosity values used were the average porosity in each zone derived from 
core testing.  That is, the porosity of each zone in the Reagan Formation was set equal to 
10.7%, the porosity of each zone in the Bonneterre Formation was set equal to 6.0%, the 
porosity of each zone in the Lamotte Formation was set equal to 9.0%, and the porosity 
of the entire target formation was set equal to 8.9%.  The hydraulic conductivity of 
carbon dioxide was calculated using Equation 5. 
 To determine carbon dioxide hydraulic conductivity, density, viscosity, and 




ideal gas law (McCain Jr., 1990), and was set equal to 90 kg/m
3
 for the reservoir 
conditions.  The viscosity of carbon dioxide at 714 psi and 104 °F is equal to 0.01827 cp 
(Comings et al., 1944).  This viscosity can be corrected to the average temperature of 
injected carbon dioxide, which was determined to be 65.5 °F, by using Sutherland’s 
Formula, which is given in Equations 11 to 13 (Edwards, 2003).  The dynamic viscosity 
of carbon dioxide at reservoir conditions was calculated to be 0.017 cp (0.017 x 10
-3
 
kg/m-s).  Since permeability was calculated with two separate methods, the carbon 
dioxide hydraulic conductivity was calculated twice for each of the ten intervals selected.  
First, the carbon dioxide hydraulic conductivity was calculated using the average 
permeability over the selected interval measured with core testing.  Next, the carbon 
dioxide hydraulic conductivity was calculated using the permeability calculated from the 
water hydraulic conductivity data. 
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where:      (12) 
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 After hydraulic conductivity of carbon dioxide into the formation was determined, 
the units were converted into the units of feet per day.  The carbon dioxide hydraulic 
conductivity will be the distance (feet) into the reservoir that the CO2 will invade each 
day.  If the wellbore is assumed to be a single line, effectively having a wellbore radius of 
zero, then the CO2 will invade a cylindrical zone with a radius equal to the hydraulic 
conductivity each day.  The injection rate per day can then be calculated using Equation 
14.  This can also be represented in injection rate per day per foot. 
 
 




 The calculated injection rates in this thesis are only theoretical injection rates.  A 
complete compositional modeling of CO2 injection into the Lamotte Sandstone is 
necessary to more accurately estimate potential injectivity.  Shallow reservoir injectivity 
simulations show that in addition to permeability (or hydraulic conductivity), porosity, 
pressure, and temperature, injectivity is greatly affected by permeability variation and 
vertical to horizontal permeability ratio within the reservoir, gas composition, water 
salinity, and geochemistry.  Furthermore, drilling and completion techniques including 
deviated well placement and partial completion can have a significant impact on injection 
rate (Yang, 2010). 
 
5.6. STORAGE CAPACITY 
 A formation’s capacity to hold sequestered carbon dioxide depends on the area 
the geologic structure covers, the amount of water that will be displaced by the injected 
carbon dioxide, as well as which carbon dioxide trapping methods (structural, residual, 
solubility, and mineral trapping) are occurring with time.  A compositional simulation 
model must be used to model the displaced formation water during gas or liquid CO2 
injection and to investigate the affects of CO2 trapping methods on the ultimate storage 
capacity of the formation (Yang, 2010).  A complete compositional model of CO2 
injection and storage in the Lamotte and Reagan Sandstones is expected in a separate 
thesis. 
 This analysis provides a theoretical calculation for storage capacity based on the 
pore capacity per acre of formation area.  The height of the formation, porosity of the 
formation, and compressibility of the carbon dioxide due to formation pressure and 
temperature are considered.  Equations 15 and 16 were used for this calculation. 
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 The Beggs and Brill correlation (Equations 17 to 23) was used to calculate the 
compressibility factor for pure CO2 (S&T, 2011).  For pure carbon dioxide, the 
pseudocritical pressure is 1073 psi and the pseudocritical temperature is 548 °R.  The 
average z factor and average formation volume factor were calculated separately for the 
Reagan and Lamotte Formations, since the formation pressure and temperature will be 
unique for each formation.. 
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where:         (18) 
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6.1. CONFINING LAYER 
6.1.1. Porosity and Permeability.  Of the 43 samples from the confining layer 
that were selected to be tested, a total of 11 were sent to Core Laboratories in Houston, 
TX for routine core analysis to verify the results measured at Missouri S&T.  The results 
of the core testing are given in Table 6.1.  Table 6.2 summarizes the porosity results 
derived from well log analysis and Table 6.3 gives the permeability results that were 
derived from the water hydraulic conductivity data.  Porosity and permeability results are 
plotted with depth in Figures 6.1 and 6.2, so any trends in the data can be recognized. 
 
 
Table 6.1.  Confining Layer Core Analysis Results 
 
S&T Results Core Lab Results 
















1460.8 1.081 0.005 2.824 
   1480.6 1.352 <0.001 2.777 
   1487.2 0.901 <0.001 2.763 
   1501.9 5.830 0.156 2.834 
   1528.2 9.645 0.185 2.838 
   1532.0 0.456 <0.001 2.774 
   1536.6 1.814 <0.001 2.778 3.17 0.001 2.81 
1558.9 1.522 <0.001 2.755 
   1563.6 - - - 1.81 <0.001 2.807 
1568.4 2.124 <0.001 2.852 
   1574.0 1.218 <0.001 2.766 
   1578.1 3.364 <0.001 2.795 
   1586.1 - - - 6.48 0.001 2.785 
1593.4 2.918 <0.001 2.697 
   1596.4 3.694 0.009 2.753 




1601.0 0.674 <0.001 2.710 1.3 <0.001 2.737 
1612.0 0.888 <0.001 2.732 
   1615.8 1.251 <0.001 2.681 
   1620.1 0.541 <0.001 2.732 0.34 <0.001 2.729 
1625.1 1.297 <0.001 2.697 
   1634.6 0.653 <0.001 2.747 0.53 <0.001 2.733 
1658.6 - - - 0.57 <0.001 2.726 
1669.3 - - - 1.07 0.001 2.725 
1684.4 3.260 <0.001 2.772 
   1688.4 2.272 <0.001 2.732 
   1693.9 3.127 <0.001 2.677 6.91 0.001 2.773 
1700.3 2.983 <0.001 2.688 
   1703.7 1.763 <0.001 2.790 
   1709.1 0.878 <0.001 2.825 1.43 0.001 2.834 
1713.7 1.069 <0.001 2.800 
   1718.4 1.405 <0.001 2.826 
   1724.4 1.447 <0.001 2.792 
   1725.9 1.455 <0.001 2.783 
   1727.90 0.55 <0.001 2.735 
   1731.00 0.81 - 2.796 
   1736.70 0.46 <0.001 2.701 
   1740.90 0.66 <0.001 2.697 
   1746.20 1.14 - 2.719 
   1752.10 1.18 <0.001 2.768 
   1755.60 1.95 - 2.702 
   1758.90 3.46 - 2.732 
   1765.10 0.95 <0.001 2.710  2.11 .0001 2.783 
1770.70 2.14 - 2.755 
























ϕ, density ϕ, sonic 
1465 1470 - - 7.642 - 
1470 1475 - - 6.809 - 
1475 1480 - - 6.905 - 
1480 1485 1.352 - 7.130 - 
1485 1490 0.901 - 7.112 - 
1490 1495 - - 6.887 - 
1495 1500 - - 7.632 - 
1500 1505 5.830 - 7.666 - 
1505 1510 - - 7.490 - 
1510 1515 - - 7.420 - 
1515 1520 - - 7.419 - 
1520 1525 - - 7.326 - 
1525 1530 9.645 - 7.219 - 
1530 1535 0.456 - 7.045 - 
1535 1540 2.492 - 7.013 - 
1540 1545 - - 6.992 - 
1545 1550 - - 7.096 - 
1550 1555 - - 7.116 - 
1555 1560 1.522 - 7.096 - 
1560 1565 1.810 - 7.009 - 
1565 1570 2.124 - 6.976 - 
1570 1575 1.218 - 7.002 - 
1575 1580 3.364 - 7.069 - 
1580 1585 - - 7.079 - 
1585 1590 6.480 - 7.197 - 
1590 1595 2.918 - 7.427 - 
1595 1600 3.694 - 7.193 - 
1600 1605 0.987 - 4.279 - 
1605 1610 - - 4.330 - 
1610 1615 0.888 - 4.284 - 
1615 1620 1.251 - 4.342 - 
1620 1625 0.441 - 4.283 - 
1625 1630 1.297 - 4.395 - 
1630 1635 0.592 1.95 4.492 5.431 
1635 1640 - 0.25 4.330 2.886 




1645 1650 - 2.85 4.515 5.813 
1650 1655 - 0.80 4.429 3.354 
1655 1660 0.570 1.65 4.460 4.263 
1660 1665 - 2.30 4.444 5.423 
1665 1670 1.070 1.65 4.383 4.295 
1670 1675 - 0.00 4.360 1.787 
1675 1680 - 2.30 4.256 4.632 
1680 1685 3.260 5.15 4.510 8.497 
1685 1690 2.272 4.80 4.369 8.332 
1690 1695 5.019 5.95 4.473 9.990 
1695 1700 - 7.50 4.581 12.212 
1700 1705 2.373 4.90 4.232 7.523 
1705 1710 1.154 3.00 6.013 3.711 
1710 1715 1.069 2.95 5.891 3.695 
1715 1720 1.405 2.95 5.871 3.745 
1720 1725 1.447 2.95 5.490 3.585 
1725 1730 1.001 2.10 5.517 3.414 
1730 1735 0.811 0.00 5.670 0.326 
1735 1740 0.458 0.00 5.824 1.575 
1740 1745 0.664 0.00 5.716 1.449 
1745 1750 1.140 1.00 5.913 3.566 
1750 1755 1.177 1.95 5.751 4.056 
1755 1760 2.705 3.50 5.992 6.667 
1760 1765 - 4.00 5.938 6.885 
1765 1770 1.532 3.95 5.996 6.867 
















Table 6.3.  Confining Layer Permeability from Water Hydraulic Conductivity Data 










Avg. Core Test 
Permeability 
(md) 
10 1511.3-1532.6 Potosi Fm. 1.50E-06 154.950 0.0925 
9 1536.5-1557.8 Derby Doe Run 2.80E-08 2.892 <0.001 








<1E-9 <0.1033 <0.001 
5 1616.5-1637.8 Davis 1.80E-13 1.859E-05 <0.001 
4 1636.5-1657.8 Davis 8.20E-14 8.471E-06 <0.001 
3 1656.5-1677.8 Davis 2.20E-14 2.273E-06 <0.001 




2.10E-07 21.693 <0.001 
13 1713.1-1733.7 Bonneterre 9.40E-11 9.710E-03 <0.001 
12 1733.7-1754.3 Bonneterre 3.00E-14 3.099E-06 <0.001 
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 Figures 6.3, 6.4, and 6.5 show the shale volumes derived from the gamma ray log 
runs.  For Figure 6.3, the shale free zone had a gamma ray log value of 10 API units and 
a 100% shale value of 180 API units.  For Figure 6.4, the shale free zone had a gamma 
ray log value of 5 API units and a 100% shale value of 100 API units.  For Figure 6.5, the 
































Figure 6.4. Confining Layer Shale Volume (from resistivity log run) 
 
 













































 Measured porosity was very low throughout the confining layer.  This is due to 
the fine grain sizes and the high shale content.  Microporosity of the shale layers was 
unable to be measured due to the fluid used in the saturation test.  The average porosity 
was 2.1%, and the values had a range between 0.3% and 9.6%, though the porosity only 
exceeded 4% in 4 of the 43 samples tested.  Core Laboratories porosity results verify low 
porosity values.  When comparing the core test data to the porosity values obtained 
through well log analysis, the log derived porosity was consistently higher, but the values 
were still very low.  The core test derived measurements may have resulted is some 
extreme measurements, i.e. some outlier values, because the porosity was calculated at an 
exact depth rather than an average over a 5 ft interval in the log derived porosity values.  
However, since the core test porosity seemed to be consistently lower than log derived 
porosity, this also could have been caused by microporosity not being measured in the 
saturation tests or by errors in the correlations used for log derived porosity values.  The 
density porosity calculation is very sensitive to small changes in matrix density, so using 
the average matrix density for each formation affected these results.  The porosity was 
calculated to be lower in the Davis Formation (1601 ft to 1705 ft), where the average 
matrix density was 2.727 g/cc, than in the Derby-Doe Run and Bonneterre Dolomites, 
where the average matrix densities were 2.782 g/cc and 2.762 g/cc.  The lithology 
corrected porosity (ϕ, lithology corrected) and the sonic porosity (ϕ, sonic) were only 
able to be calculated from 1628 ft and below.  In this region, neutron log and sonic log 
calculated porosity values did show the same trend as the core test values because the 
porosity increased between 1660 ft and 1720 ft.  However, both of the log derived results 
have shown a much higher value than the core test results.  Each of the four methods used 
to estimate the porosity found the porosity to be low, staying below 6% for the vast 
majority of the confining layer. 
 The permeability of the confining layer was so low that it could not be measured 
with the Ultra-Perm 600 (k < 0.001 md).  Both Core Laboratories and Missouri S&T 
measured average permeability in the confining layer to be microdarcy permeability or 
lower.  The permeability only exceeded 1 microdarcy in two samples tested, and the 
permeability never exceeded 10 microdarcies.  For future research, capillary tests could 




For much of the confining layer, the permeability found using the water hydraulic 
conductivity values matched the core test results very closely.  Throughout the Derby-
Doe Run, Davis, and Bonneterre Formations, only two zones showed to have any 
significant permeability.  The first zone was Test #9 at the top of the Derby-Doe Run 
Formation, where the permeability was calculated to be 2.9 md, and the second zone was 
Test #1 in parts of the Davis and Bonneterre Formations between 1699 ft and 1721 ft, 
where the permeability was calculated to be 21.7 md.  However, the zone in Test #13, 
from 1713 ft to 1734 ft, partially overlapped with that zone from Test #1, and the 
permeability calculated for Test #13 was less than 10 microdarcies.  This suggests that 
the reading from Test #1 may not be accurate. 
 The results from the shale volume calculated with the gamma ray log also appear 
consistent with the determination that there is very little permeability in the confining 
layer.  The shale volume steadily increases with depth throughout the Derby-Doe Run 
Formation.  In the Davis Formation, the shale volumes differ greatly with depth, but there 
are many depths where the shale volume reaches 100%.  This shows that there are many 
thin impermeable shale concentrated planes within the dolomite rock.  The shale volumes 
are lower below 1705 feet in the Bonneterre Formation, but there is still a significant 
amount of shale in that formation.  All three methods to estimate permeability in the 
confining layer agree with the determination that it is a highly impermeable layer which 
may be suitable as a confining layer for CO2 sequestration. 
6.1.2. Young’s Modulus and Poisson’s Ratio.  A total of 47 samples from the 
confining layer were tested by Britt Rock Mechanics, LLC, to determine values of 
Young’s Modulus and Poisson’s Ratio.  The results of these tests are given in Tables 6.4 
and 6.5.  The Young’s Modulus and Poisson’s Ratio that were calculated using the 










Table 6.4.  Confining Layer Geomechanical Properties Results from Core Testing 
Sample Depth (ft) 
Young's Modulus 
(MMpsi) Poisson's Ratio 
1460.8 14.890 0.198 
1480.6 11.580 0.164 
1487.2 11.438 0.215 
1501.9 3.722 0.106 
1502.1 18.010 0.149 
1510.8 6.778 0.094 
1515.8 10.048 0.110 
1528.2 9.336 0.174 
1532.0 8.091 0.077 
1536.6 10.705 0.176 
1546.1 6.971 0.062 
1549.6 11.459 0.170 
1555.7 9.064 0.112 
1558.9 16.144 0.091 
1563.6 10.905 0.155 
1568.4 9.600 0.107 
1574.0 9.793 0.159 
1578.1 8.079 0.133 
1586.1 5.554 0.137 
1593.4 6.426 0.151 
1596.4 9.097 0.108 
1601.0 8.366 0.136 
1601.0 8.366 0.138 
1612.0 10.176 0.200 
1615.8 7.509 0.149 
1620.1 11.500 0.175 
1625.1 6.415 0.151 
1634.6 11.193 0.193 
1658.6 17.227 0.292 
1669.8 10.960 0.217 
1684.4 12.928 0.083 
1688.4 11.445 0.223 
1693.9 3.722 0.106 
1700.3 9.795 0.193 
1703.7 12.995 0.177 
1709.1 12.691 0.186 
1713.7 15.397 0.250 
1718.4 18.675 0.278 
1724.4 3.414 0.059 
1725.9 21.774 0.323 




1731.0 11.879 0.156 
1740.9 7.756 0.161 
1746.2 5.002 0.109 
1752.1 5.662 0.127 
1755.6 4.023 0.135 






Table 6.5.  Summary of Confining Layer Geomechanical Properties from Core Testing 
Formation 
Depth Interval 
(ft) Rock Type 
Young's 
Modulus 
(MMpsi) Poisson's Ratio 
Potosi 1460.8 - 1515.8 Dolomite 10.924 0.148 
Derby-Doe Run 1528.2 - 1596.4 Dolomite 9.373 0.129 
Davis 1601.0 - 1703.7 Shale/Dolomite 10.325 0.177 
Bonneterre 1709.1 - 1765.1 Dolomite 10.240 0.176 
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 The confining layer showed to have a high Young’s Modulus and a low Poisson’s 
Ratio.  The average Young’s Modulus derived from core testing in the entire confining 
layer was 10.1 MMpsi.  When the log derived and core test derived Young’s Moduli are 
compared, the log derived value was generally lower than the core test value.  Several of 
the core test values were surprisingly high for a dolomite rock, which typically has a 
Young’s Modulus approximately 6 to 10 MMpsi.  The log derived Young’s Modulus 
results were between 4 and 8 MMpsi for most of the confining layer.  However, 
reasonably high Young’s Modulus values are expected for a lithology that contains high 
shale volume, and the core test results are consistent with that assumption.  Overall, the 
Young’s Modulus values are higher in the confining layer than in the target formation. 
 The average Poisson’s Ratio derived from core testing across the entire confining 
layer was 0.157.  This Poisson’s Ratio is lower than what is expected for a dolomite rock, 
which typically has a Poisson’s Ratio between 0.26 and 0.30 (Crain, 2010).  A higher 
shale volume will increase the Poisson’s Ratio of the rock.  This is confirmed because in 
the Davis Formation, which contains much more shale than the Derby-Doe Run 
Formation, the average core test Poisson’s Ratio increased from 0.129 to 0.177.  When 
the log derived and core test derived Poisson’s Ratios are compared, the log derived 
value was generally much higher than the core test result.  Overall, the Poisson’s Ratio 
values are higher in the confining layer than in the target formation.  This suggests that 
the confining layer is a more compacted formation than the target formation, which is to 
be expected in a less permeable formation with finer grain sizes.  Since the confining 
layer has a higher Young’s Modulus and Poisson’s Ratio than the target formations, it is 
possible that the confining layer could restrict the fracture height growth of any fractures 
that may be created in the target formation during injection. 
 The log derived Young’s Modulus and Poisson’s Ratio results were more in line 
with the typical values of Young’s Modulus and Poisson’s Ratio for dolomite rock than 
the core test results.  The high Young’s Modulus values and low Poisson’s Ratio values 
measured during core testing of the confining layer rock suggest that the dolomite 





6.2. TARGET FORMATION 
6.2.1. Porosity and Permeability.  Of the 76 samples from the target formation 
that were selected to be tested, a total of 19 were sent to Core Laboratories for routine 
core analysis to verify the results measured at Missour S&T.  The results of the core 
testing are shown in Table 6.6.  The porosity was also determined from well log analysis, 
and the results are summarized in Table 6.7.  Table 6.8 summarizes permeability 
calculated from the water hydraulic conductivity data provided by Missouri State 
University (MSU, 2011). 
 To recognize any trends with depth, the various porosity values determined 
throughout core testing and well log analysis are plotted against depth in Figure 6.8, and 
the various permeability values determined using core testing and water hydraulic 
conductivity data are plotted against depth in Figure 6.11. 
 Separate porosity vs. depth and permeability vs. depth plots for solely the Reagan 
Sandstone and the Lamotte Sandstone are provided in Figures 6.9, 6.10, 6.12, and 6.13.  




Table 6.6. Target Formation Core Analysis Results 
 
S&T Results Core Lab Results 
















1775.3 6.06 0.012 2.818 
   
1778.2 4.81 0.018 2.810 
   
1783.2 8.68 207.8 2.663 8.71 427 2.677 
1783.8 8.08 10.7 2.686 
   
1784.9 9.87 265.5 2.634 9.87 1029 2.681 
1787.1 11.49 67.1 2.702 
   
1789.9 11.33 146.2 2.672 
   
1793.6 13.52 712.8 2.609 
   
1794.6 12.52 557.5 2.626 12.60 1495 2.643 
1798.8 5.95 3.96 2.648 
   
1803.7 7.81 0.161 2.648 




1811.3 9.15 22 2.648 8.73 89.4 2.645 
1813.9 4.82 0.008 2.694 
   
1815.4 - - - 11.97 759 2.645 
1817.8 16.03 889.2 2.633 16.22 1637 2.642 
1819.6A 15.48 572.6 2.563 
   
1819.6B 16.16 640 2.592 
   
1823.8 8.97 4.26 2.704 
   
1829.1 11.91 219.2 2.634 
   
1833.4 11.03 10.8 2.606 10.77 31.6 2.652 
1834.7 10.21 6.64 2.659 
   
1840.4 8.45 18.3 2.597 8.37 47.1 2.646 
1841.5 9.46 40.5 2.652 
   
1847.9 10.70 43 2.642 
   
1852.7 13.20 5.71 2.640 
   
1861.4 10.00 4.11 2.643 
   
1865.5A 1.55 0.005 2.632 
   
1865.5B 1.69 0.004 2.691 
   
1879.4 12.06 - 2.635 
   
1890.9 0.97 <0.001 2.729 
   
1892.3 5.05 0.008 2.675 
   
1907.4 8.93 - 2.755 
   
1918.5 3.13 - 2.671 
   
1920.6 1.67 <0.001 2.666 
   
1936.7 2.10 - 2.642 
   
1944.6 3.93 <0.001 2.615 6.63 .001 2.735 
1951.4 5.02 <0.001 2.615 
   
1956.8A 10.77 2.1 2.715 
   
1956.8B 13.09 8.83 2.814 
   
1967.1 3.88 0.07 2.646 
   
1972.6 4.43 0.09 2.609 4.44 .044 2.644 
1978.3 9.47 - 2.648 
   
1983.3 8.40 0.18 2.640 
   
1989.0A 9.11 3.31 2.578 
   
1989.0B 9.35 2.51 2.498 9.83 4.06 2.648 
1995.2 17.94 0.379 2.611 
   
2001.1 11.06 11.5 2.551 11.40 16.7 2.641 
2004.9A 9.80 - 2.602 
   
2004.9B 12.99 - 2.590 
   
2010.9 9.06 7.38 2.631 
   
2013.8 7.89 3.44 2.624 
   
2020.1 9.50 6.3 2.615 
   





2027.1A 5.48 - 2.500 
   
2027.1B 3.52 0.052 2.474 
   
2033.6 11.25 4.99 2.611 
   
2040.8 3.76 0.022 2.522 
   
2047.5 4.54 0.029 2.559 
   
2052.4 8.61 1.43 2.599 8.35 1.17 2.643 
2061.2 8.46 0.118 2.624 
   
2079.5 8.48 0.174 2.577 
   
2083.9A 6.90 0.056 2.584 
   
2083.9B 10.14 0.054 2.367 10.81 .026 2.653 
2088.4 1.61 0.014 2.553 4.30 .002 2.661 
2094.1A 16.76 0.103 2.578 
   
2094.1B 12.02 0.067 2.570 
   
2097.9 9.51 0.024 2.408 9.82 .005 2.649 
2103.8 12.54 - 2.572 
   
2120.4 11.98 1.3 2.605 11.52 .560 2.643 
2125.5A 8.34 2.29 2.562 
   
2125.5B 10.14 4.95 2.603 
   
2133.1A 8.78 1.14 2.593 
   
2133.1B 10.36 0.625 2.586 
   
2137.4 11.23 1.09 2.563 11.56 .821 2.661 
2139.9A 11.77 0.867 2.510 11.93 2.50 2.649 
2139.9B 11.30 0.808 2.586 
   
2144.6 10.00 7.24 2.565 













ϕ, density ϕ, sonic 
1780 1785 8.974 8.7 8.693 4.974 
1785 1790 11.409 9.5 7.240 4.400 
1790 1795 13.142 9.1 5.037 5.832 
1795 1800 5.947 7.1 5.128 4.312 
1800 1805 7.809 3.7 3.777 1.485 
1805 1810 - 4.0 2.785 1.785 
1810 1815 7.014 5.1 3.843 3.721 
1815 1820 15.032 10.9 7.354 9.026 
1820 1825 8.975 9.0 4.393 5.416 




1825 1830 11.906 7.0 4.630 4.201 
1830 1835 10.621 7.8 5.101 6.408 
1835 1840 - 7.0 4.006 4.161 
1840 1845 8.955 7.0 4.782 4.959 
1845 1850 10.695 6.8 5.087 4.295 
1850 1855 13.203 9.7 11.033 7.202 
1855 1860 - 9.2 10.774 8.265 
1860 1865 10.003 5.8 10.511 10.225 
1865 1870 1.623 5.8 9.358 10.389 
1870 1875 - 5.8 10.619 10.351 
1875 1880 12.062 6.8 11.372 11.115 
1880 1885 - 6.0 9.964 9.833 
1885 1890 - 4.9 6.559 7.919 
1890 1895 3.008 7.8 5.015 10.177 
1895 1900 - 5.1 6.403 7.755 
1900 1905 - 5.0 6.370 6.181 
1905 1910 8.926 6.0 7.123 7.376 
1910 1915 - 5.9 6.116 7.999 
1915 1920 3.134 6.0 6.495 8.267 
1920 1925 1.672 4.7 6.858 6.440 
1925 1930 - 5.2 7.295 7.609 
1930 1935 - 5.7 6.346 7.083 
1935 1940 2.103 6.0 6.576 6.162 
1940 1945 5.280 4.0 6.256 4.666 
1945 1950 - 4.6 6.959 6.488 
1950 1955 5.021 4.9 7.496 6.811 
1955 1960 11.932 3.6 7.794 5.950 
1960 1965 - 2.9 9.202 5.713 
1965 1970 3.878 2.3 9.219 5.562 
1970 1975 4.435 1.7 8.937 3.764 
1975 1980 9.471 2.2 9.028 4.114 
1980 1985 8.398 3.0 9.520 5.996 
1985 1990 9.231 4.0 10.667 6.846 
1990 1995 - 4.6 11.599 8.668 
1995 2000 17.938 7.9 10.969 5.739 
2000 2005 11.280 7.0 4.448 4.879 
2005 2010 - 5.2 3.858 3.136 
2010 2015 8.475 5.8 4.525 3.826 
2015 2020 - 5.1 3.977 4.670 




2020 2025 9.497 4.5 3.590 2.618 
2025 2030 4.505 4.0 3.167 1.922 
2030 2035 11.251 7.0 5.487 4.160 
2035 2040 - 6.1 4.153 4.444 
2040 2045 3.755 5.8 4.250 5.319 
2045 2050 4.536 5.5 3.739 3.222 
2050 2055 8.480 4.3 3.612 2.222 
2055 2060 - 5.8 4.180 4.526 
2060 2065 8.460 8.3 4.386 6.418 
2065 2070 - 10.9 5.367 8.296 
2070 2075 - 8.5 3.687 6.532 
2075 2080 8.477 6.8 3.757 4.409 
2080 2085 8.520 6.7 4.381 5.713 
2085 2090 2.953 7.0 3.623 6.164 
2090 2095 14.390 7.0 4.732 5.218 
2095 2100 9.667 6.2 4.102 6.001 
2100 2105 12.537 9.0 5.187 7.269 
2105 2110 - 8.8 5.219 6.798 
2110 2115 - 5.6 4.073 3.727 
2115 2120 - 5.5 3.564 4.402 
2120 2125 11.749 8.8 6.710 6.640 
2125 2130 9.242 8.4 8.058 6.078 
2130 2135 9.571 9.1 7.398 7.034 
2135 2140 11.434 9.8 7.839 7.178 
2140 2145 9.997 9.4 6.401 6.899 
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Figure 6.9. Reagan Sandstone Porosity 
 
 





















Reagan Formation Porosity (%) 
Core Test Results - S&T Core Test Results - Core Lab φ, lithology corrected 



















Lamotte Formation Porosity (%) 
Core Test Results - S&T Core Test Results - Core Lab φ, lithology corrected 

































Figure 6.12. Reagan Sandstone Permeability 
 
 


















Reagan Sandstone Permeability (millidarcies) 




















Lamotte Sandstone Permeability (millidarcies) 




 The shale volume results derived from the gamma ray log runs are shown in 
Figures 6.14 through 6.16.  For Figure 6.14, the analysis used a clean value of 5 API units 
and a 100% shale value of 140 API, and for both Figures 6.15 and 6.16, the analysis used 
a clean value of 5 API units and a 100% shale value of 180 API units.  Lastly, the shale 
volume and the core test permeability are plotted together in Figures 6.17 and 6.18 to 

































Figure 6.15. Target Formation Shale Volume (from resistivity log run) 
 
 














































Figure 6.17. Reagan Formation Comparison of Core Permeability and Log Shale Volume 
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 The target zone is represented by two distinct sandstone intervals that are 
separated by dolomite.  The porosity in the Reagan and Lamotte Sandstones is very 
similar, while the porosity in the dolomite layer is slightly lower.  The density porosity 
increased in the dolomite layer, where the assumed matrix density was higher, as opposed 
to the sandstone layers that had a lower matrix density, and these results were not 
consistent with the lab measurement data.  The matrix density assumption could be 
improved upon by calculating a matrix density based on the minerals that are identified in 
each layer using X-Ray Diffraction. 
 When considering only the core testing data, the average porosity is 10.7% in the 
Reagan Sandstone, 6.0% in the Bonneterre Dolomite, and 9.0% in the Lamotte 
Sandstone.  Porosity values had a range of 5% to 16% in the Reagan Sandstone, and a 
range of 4% to 17% in the Lamotte Sandstone.  These values were verified by the results 
from Core Laboratories. 
 The lithology corrected porosity, density porosity, and sonic porosity in the 
Reagan Sandstone were slightly lower, having average values of 7.6%, 5.1%, and 5.0%, 
respectively.  However, all displayed the same trends as the core test results.  Each 
displayed an increase in porosity between 1790’-1795’, 1815’-1820’, and 1830’-1835’, 
even though the log derived results were lower than the core test results.  The combined 
range of all log derived porosities was 2% to 11%. 
 The lithology corrected porosity, density porosity, and sonic porosity in the 
Lamotte Sandstone were also slightly lower than the core test results, having average 
values of 6.5%, 4.2%, and 4.8%, respectively.  However, just as in the Reagan Sandstone, 
all displayed the same trends as the core test results, showing an increased porosity 
between 2010’-2020’, 2030’-2040’, 2060’-2070’, and 2100’-2110’.  The combined range 
of all log derived porosities in the Lamotte Sandstone was also 2% to 11%. 
 The core test results may have had a wider range and slightly larger porosity 
results than the log derived results due to the fact that only 24 individual points were 
tested in the 70 foot Reagan Sandstone and only 22 individual points were tested in the 
120 foot Lamotte Sandstone.  The log data was taken as an average over each 5 foot 
interval, which could reduce the presence of any extreme values.  The core test derived 




because the porosity was calculated at an exact depth rather than an average over a 5 ft 
interval in the log derived porosity values.  However, since the core test porosity seemed 
to be consistently higher than log derived porosity, this could have been due to slight 
errors introduced by using the correlations used for log derived porosity values 
 Despite the difference between core test data and log derived data, the results are 
within a reasonable range, and all of the results show that the porosity in these zones are 
lower porosity values than desired for a candidate for carbon dioxide sequestration. 
 The permeability results from Core Laboratories vary somewhat with the 
permeability measurements made at Missouri S&T.  This may have been due to the fact 
that the tests at Missouri S&T were performed without backpressure.  The difference was 
most drastic in the high permeability samples. 
 From the Missouri S&T results, the average permeability of the Reagan 
Sandstone was 217 md, and the range was from nearly 0 md to almost 900 md.  The 
permeability calculated from the water hydraulic conductivity data does show the highest 
permeability in the Reagan Sandstone, but the 124 md value from the hydraulic 
conductivity data from Test #1A was much lower than the 217 md measured in the lab.  It 
is unclear why the hydraulic conductivity Test #1A, which covered the entire Reagan 
Sandstone, gave a permeability value of 13 times larger than Test #7 and 60 times larger 
than Test #6, because both of those subsequent tests were performed on sections of the 
Reagan Sandstone.  For this reason, core test permeability data were determined to be 
more accurate. 
 In the dolomite layer between the two sandstones, the core test data and the 
hydraulic conductivity data show very low permeability.  Both the core test data and the 
hydraulic conductivity test data show an average permeability in this region under 1 md.  
This is expected, since the lithology of this zone is more similar to the lithology of the 
confining layer than the rest of the target formation. 
 In the Lamotte Sandstone, the average permeability from core testing was 2.1 md, 
and the range was from nearly 0 md to 11.5 md.  The permeability calculated from 
hydraulic conductivity in this region was 10.3 md, which may be higher than the core test 




Lamotte Sandstone.  The permeability of the Lamotte Sandstone is likely too low to 
support sustained injection for CO2 sequestration. 
 The values of the hydraulic conductivity derived data and the lab derived data do 
not exactly match for either the Reagan or Lamotte Sandstone, but both show the trend 
that the Reagan Sandstone has a much higher permeability than the Lamotte Sandstone 
and the permeability of the dolomite layer is the lowest of the three layers. 
 The shale volume plots in Figures 6.14 to 6.16 verify the conclusion that the 
Reagan and Lamotte Sandstones are separated by a formation with high shale content, 
which in this case is the Bonneterre Dolomite.  The results from the three different 
gamma ray logs all look very similar.  From 1775 feet to 1850 feet in depth, the shale 
volume is under 10% for the majority of the zone, except for a handful of foot long areas 
where the reading spikes above 10%.  The shale volume drops below 10% again at 2000 
feet and stays below that until 2060 feet.  Then from 2060 feet to 2120 feet, the shale 
volume is a little higher, averaging out to be approximately 11%, but only reaches 30% at 
a single data point. 
 Figures 6.17 and 6.18, both of which plot permeability vs. depth and shale volume 
vs. depth on the same graph, display the affect shale volume has on permeability.  The 
higher permeability results for the Reagan Sandstone occur between 1780 feet and 1840 
feet, which is the same the range of the low shale volume values.  The higher 
permeability results in the Lamotte Sandstone occur between 2000 feet and 2030 feet, 
which is also where the low shale volumes occur.  The permeability does drop in the zone 
between 2030 feet and 2120 feet, even though the shale volume results only slightly 
increase throughout this zone.  This shows that the permeability of a particular zone is 
very sensitive to the amount of shale content that is present in that zone. 
 Based on porosity and permeability data, neither the Reagan Sandstone nor the 
Lamotte Sandstone shows much promise for carbon dioxide sequestration.  Parts of the 
Reagan Formation do appear to have permeability that could be promising for potential 
CO2 injection, but the porosity and thickness of the formation are likely to be too low.  In 
the Lamotte Formation, despite having a greater thickness and comparable porosity, the 
permeability is much lower than in the Reagan Formation.  Higher porosity and 




by Exploratory Well #1 would be necessary if they were to be considered for carbon 
dioxide sequestration. 
6.2.2. Young’s Modulus and Poisson’s Ratio.  A total of 48 samples from the 
target formation were tested by Britt Rock Mechanics, LLC, to determine values of 
Young’s Modulus and Poisson’s Ratio.  The results of these tests are given in Tables 6.9 
and 6.10.  The Young’s Modulus and Poisson’s Ratio that were calculated using the 












1775.3 13.406 0.166 
1778.2 13.598 0.196 
1783.2 6.748 0.090 
1783.8 6.407 0.081 
1784.9 11.789 0.133 
1787.1 5.750 0.086 
1789.9 7.619 0.100 
1793.6 6.077 0.073 
1794.5 5.274 0.075 
1798.8 6.008 0.070 
1811.3 5.335 0.089 
1813.9 9.100 0.099 
1815.4 4.424 0.111 
1817.8 4.860 0.080 
1833.4 5.204 0.059 
1834.7 6.819 0.090 
1840.4 5.582 0.082 
1841.5 5.786 0.087 
1847.9 5.441 0.092 
1852.7 4.689 0.112 
1861.4 4.816 0.115 
1879.4 5.363 0.149 




1907.4 2.996 0.130 
1918.5 6.053 0.146 
1920.6 8.622 0.177 
1936.7 7.936 0.244 
1944.6 5.856 0.107 
1951.4 6.299 0.153 
1967.1 5.590 0.070 
1972.6 5.149 0.082 
1978.3 6.125 0.107 
1983.3 3.535 0.083 
1989.0 4.672 0.099 
1995.2 5.389 0.093 
2001.1 4.677 0.053 
2010.9 5.669 0.105 
2013.8 4.445 0.057 
2020.1 3.853 0.082 
2033.6 5.051 0.113 
2040.8 3.830 0.083 
2047.4 5.357 0.082 
2052.4 5.384 0.115 
2088.4 3.346 0.082 
2103.8 4.140 0.091 
2120.4 3.505 0.091 
2125.5 5.831 0.176 




Table 6.10.  Summary of Target Formation Geomechanical Properties from Core Testing 
Formation 
Depth Interval 
(ft) Rock Type 
Young's Modulus 
(MMpsi) Poisson's Ratio 
Reagan 1775.3 - 1847.9 Sandstone 7.117 0.098 
Bonneterre 1852.7 - 1995.2 Dolomite 5.613 0.126 
Lamotte 2001.1 - 2137.4 Sandstone 4.625 0.097 
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 The target formation Young’s Modulus stays fairly consistent throughout the 
Reagan, Bonneterre, and Lamotte Formations.  The average Young’s Modulus derived 
from core testing throughout the entire target formation was 5.9 MMpsi.  It is interesting 
that the Young’s Modulus remains relatively constant even when the lithology changed 
from sandstone to dolomite, since the dolomite layer had much more shale than the 
sandstone layers.  When the core test data is compared to the log derived Young’s 
Modulus, the results matched up very well, so the core test data appears to be accurate.  
This could signify that the dolomite layer in the target formation may contain some 
sandstone as well. 
 The average Poisson’s Ratio derived from core testing across the entire target 
formation was 0.107, and the average Poisson’s Ratio in just the sandstone layers was 
0.098.  This seems to be a very low Poisson’s Ratio, signifying that the rock is very 
brittle.  The Poisson’s Ratio did increase, as expected, in the zone that has a higher shale 
volume.  The target formation has a lower Poisson’s Ratio than the confining layer, 
which is expected because there is more shale present in the confining layer.  This is 
advantageous because if fractures are initiated in the target formation, it is possible that 
their height growth could be restricted by the confining layer, thus keeping the CO2 from 
migrating toward the surface.  When comparing the core test data to the log derived 
Poisson’s Ratio, the log derived data was consistently higher than the core test data, just 
like in the confining layer. 
 6.2.3. Fracture Pressure and Minimum In Situ Stress.  The formation 
breakdown pressure and the minimum in situ stress are important parameters that will 
determine the maximum allowable injection pressure without either fracturing the 
formation or opening an existing fracture.  The results from the StimPlan analysis of the 
Golder Associates’ hydrofrac and hydrojack tests are reported in Table 6.11.  Eaton’s 
equation was used as an alternative way to find minimum in situ stress so that the results 
could be compared to the StimPlan analysis.  Since Eaton’s equation uses Poisson’s 
Ratio, and Poisson’s Ratio was determined with both core testing and sonic log analysis, 
Eaton’s equation was calculated for both methods of determining Poisson’s Ratio.  Table 
6.12 shows the values of minimum in situ stress at the depths of each core sample tested 




situ stress along the entire target formation based on the log derived Poisson’s Ratio, and 






Table 6.11. Target Formation Fracturing Pressure 
















1799.3 Reagan n/a 1046 1949 6.008 
7 
1864.7 - 
1869.0 Bonneterre 2416 1718 1970 ~5.0 
6 
1880.3 - 
1884.6 Bonneterre 2558 1647 1696 5.363 
5 
1942.3 - 
1946.6 Bonneterre 2300 1571 1662 5.856 
4 
1995.3 - 
1999.6 Bonneterre 1713 1064 1068 5.389 
10 
2013.0 - 
2017.3 Lamotte 2553 1157 1880 4.445 
3 
2022.0 - 
2026.3 Lamotte 1443 1047 1096 ~4.2 
2 
2065.3 - 
2069.6 Lamotte 1520 1154 1191 ~4.8 
9 
2084.3 - 
2088.6 Lamotte 1980 1348 1536 3.346 
1 
2102.0 - 





























1775.3 13.406 0.166 2038 769 1021 
1778.2 13.598 0.196 2041 770 1080 
1783.2 6.748 0.090 2047 772 898 
1783.8 6.407 0.081 2048 772 885 
1784.9 11.789 0.133 2049 773 969 
1787.1 5.750 0.086 2052 774 894 
1789.9 7.619 0.100 2055 775 917 
1793.6 6.077 0.073 2059 777 878 
1794.5 5.274 0.075 2060 777 881 
1798.8 6.008 0.070 2065 779 876 
1811.3 5.335 0.089 2079 784 911 
1813.9 9.100 0.099 2082 785 928 
1815.4 4.424 0.111 2084 786 948 
1817.8 4.860 0.080 2087 787 900 
1833.4 5.204 0.059 2105 794 876 
1834.7 6.819 0.090 2106 794 924 
1840.4 5.582 0.082 2113 797 914 
1841.5 5.786 0.087 2114 797 923 
1847.9 5.441 0.092 2122 800 934 
1852.7 4.689 0.112 2127 802 969 
1861.4 4.816 0.115 2137 806 979 
1879.4 5.363 0.149 2158 814 1049 
1890.9 6.714 0.141 2171 819 1041 
1907.4 2.996 0.130 2190 826 1030 
1918.5 6.053 0.146 2203 831 1065 
1920.6 8.622 0.177 2205 832 1127 
1936.7 7.936 0.244 2223 839 1286 
1944.6 5.856 0.107 2233 842 1009 
1951.4 6.299 0.153 2240 845 1097 
1967.1 5.590 0.070 2258 852 958 
1972.6 5.149 0.082 2265 854 980 
1978.3 6.125 0.107 2271 857 1026 
1983.3 3.535 0.083 2277 859 987 
1989.0 4.672 0.099 2284 861 1018 
1995.2 5.389 0.093 2291 864 1010 
2001.1 4.677 0.053 2297 866 947 




2013.8 4.445 0.057 2312 872 959 
2020.1 3.853 0.082 2319 875 1004 
2033.6 5.051 0.113 2335 881 1066 
2040.8 3.830 0.083 2343 884 1016 
2047.4 5.357 0.082 2351 887 1017 
2052.4 5.384 0.115 2356 889 1079 
2088.4 3.346 0.082 2398 904 1038 
2103.8 4.140 0.091 2415 911 1062 
2120.4 3.505 0.091 2434 918 1070 
2125.5 5.831 0.176 2440 920 1245 
2137.4 5.036 0.125 2454 925 1144 
 
 


























Minimum In Situ Stress (psi) 
StimPlan Closure Stress Analysis
Eaton's Eq. with Core Test Poisson's Ratio




 The analysis of the hydrofrac tests shows that the Bonneterre Dolomite has a 
higher formation breakdown pressure than the Lamotte Sandstone.  This is due to the 
Young’s Modulus value, which is higher in the Bonneterre Dolomite than in the Lamotte 
Sandstone, indicating the Bonneterre is a stronger formation.  If fractures are created in 
the Lamotte Formation, it is possible that the Bonneterre Formation could act as a barrier 
to restrain fracture height growth.  During the hydrofrac and hydrojack test for Interval 8, 
which was the only interval tested in the Reagan Formation, it was unclear if a fracture 
had even been initiated, so a fracture breakdown pressure was not obtained.  The 
formation breakdown pressure of the Reagan Formation may be even higher than in the 
Bonneterre Formation because the Reagan Formation had a higher Young’s Modulus. 
 When the two Eaton’s equation calculations for minimum in situ stress are 
compared, the results from using the core test Poisson’s Ratio are lower than when using 
the log derived Poisson’s Ratio.  This is because the sonic log derived Poisson’s Ratio 
values were greater than the core test Poisson’s Ratio values.  The StimPlan analysis 
gives closure stress results that fall between the two Eaton’s equation results in the 
Lamotte Sandstone.  In the Bonneterre Formation, the StimPlan analysis results in a 
closure stress much greater than either of the Eaton’s equation results.  This may be 
related to the high formation breakdown pressure values attained in the Bonneterre 
Formation.  In addition, the closure stress result from StimPlan analysis in the Reagan 
Formation should be used with caution.  It is unlikely that a fracture was created during 
the injection period, and this seems to be verified by the enormous difference between the 
extension pressure value and the given closure stress value. 
 When injecting into a reservoir, it is advised to inject at a pressure that is lower 
than formation breakdown pressure to avoid creating new fractures.  If possible, it is also 
desirable to inject below the minimum in situ stress to safeguard against possibly re-
opening any fractures if fractures already exist in the formation.  However, due to the 
geomechanical properties of the confining layer, it is possible that the confining layer 
could act as a barrier to restrict fracture height growth if fractures are created in the target 
formation. 
 In the Lamotte Sandstone, the average initial formation pore pressure is 772 psi.  




psi and 1350 psi, and a conservative estimate for the closure stress calculated using 
Eaton’s equation is between 950 psi and 1050 psi.  The net injection pressure in the 
Lamotte Formation could not be more than 180 to 280 psi before it could potentially open 
existing fractures.  The lowest formation breakdown pressure detected in the Lamotte 
Sandstone was 1440 psi, so if there are no existing fractures in the formation, then the net 
injection pressure could be increased to 670 psi before there is a potential to create a new 
fracture. 
 In the Reagan Formation, the average initial formation pore pressure is 667 psi.  A 
conservative estimate for the closure stress calculated using Eaton’s equation is between 
875 psi and 925 psi.  There were no reliable hydrofrac or hydrojack tests performed in the 
Reagan Sandstone, so accurate formation breakdown pressure or minimum in situ stress 
determined through StimPlan analysis was not available.  It may only be possible to have 
a net injection pressure of approximately 200 to 250 psi before an existing fracture could 
potentially be re-opened.  It is unclear at what net injection pressure any new fractures in 
the Reagan Formation would be created. 
 Long term injection will increase the pore pressure within the formation, so long 
term injection may be limited due to the closure stress values and possible injection 
pressures in these shallow formations.  But even if new fractures are created, it is possible 
that the confining layer could restrict height growth toward the surface. 
 Injection pressure will determine the phase in which carbon dioxide enters the 
formation.  Formation pore pressure, which will increase with long term injection, will 
determine the phase in which the carbon dioxide is stored in a formation.  Carbon dioxide 
injection projects in deep aquifers are designed to inject the CO2 in supercritical phase, 
but at a shallow depth, it is likely the CO2 will be injected in either a gaseous or liquid 
state which would be less dense than the supercritical state.  The phase diagram for pure 
carbon dioxide is included as Figure 6.22. 
 For pure carbon dioxide, the critical temperature is 88°F (304 K) and the critical 
pressure is 1070 psi (73.8 bar).  The initial reservoir temperature for the Reagan and 
Lamotte Formations is approximately 71°F (295 K), which is below supercritical phase.  
Therefore, the pressure of the reservoir will determine whether the carbon dioxide is in a 




in the Lamotte Sandstone, which will more accurately estimate the injection and storage 
phase, is expected in a separate thesis. 
 At 295 K, the amount of pressure that is required to put the carbon dioxide into 
the liquid phase would be approximately 950 psi (65 bar).  Since the initial formation 
pressure of the Reagan Formation is 667 psi and the initial formation pressure of the 
Lamotte Formation is 772 psi, this means that the fluid will be initially stored in a 
gaseous phase.  As stated before, the formation pore pressure will increase as a result of 
long term injection.  The carbon dioxide will reach a liquid state if the formation pressure 










 6.2.4. Potential Injection Rate.  The potential injection rates that were calculated 
are theoretical injection rates assuming the formation water will be displaced by the 
injected carbon dioxide.  Actual injection rates will depend on rock properties as well as 
long term formation pressures, temperatures, gas composition, water salinity, and 
geochemistry.  Compositional modeling of long term CO2 injection into the formation 
would be necessary to provide a more accurate estimate of potential injection rates 
(Yang, 2010), and a simulated injection study in the Lamotte Sandstone is expected in a 
separate thesis. 
 Theoretical injection rates were estimated in this work using both permeability 
calculated from water hydraulic conductivity values and permeability measured during 
core testing.  Table 6.13 shows the theoretical injection rates estimated using hydraulic 
conductivity data for several different intervals, and Table 6.14 shows the theoretical 
injection rates estimated using core permeability data for the Reagan Formation, Lamotte 































1A 100 Reagan 10.73 1.20E-06 124.07 1.80 77.36 7736.49 
2A 410 Reagan, Bonneterre, 
Lamotte, Granite 
8.92 3.00E-07 
31.02 4.50E-01 4.58 1876.48 
3A 200 Lamotte/Granite 9.02 1.00E-07 10.34 1.50E-01 5.97E-01 119.39 
7 1795.3-1837.5 Regan 10.73 9.00E-08 9.31 1.35E-01 4.35E-01 18.36 
6 1835.3-1877.5 Reagan 10.73 2.00E-08 2.07 3.00E-02 2.15E-02 9.07E-01 
5 1869.3-1911.5 Bonneterre 6.03 1.00E-11 1.03E-03 1.50E-05 3.44E-09 1.45E-07 
4 1909.3-1951.5 Bonneterre 6.03 4.00E-13 4.14E-05 6.00E-07 5.50E-12 2.32E-10 
3 2005.3-2047.5 Lamotte 9.02 1.00E-12 1.03E-04 1.50E-06 5.97E-11 2.52E-09 
2 2089-2110.1 Lamotte 9.02 1.00E-12 1.03E-04 1.50E-06 5.97E-11 1.26E-09 










































1780 - 2150 
Reagan, Bonneterre, 
Lamotte, Granite 
8.92 71.4 6.91E-07 1.04E+00 24.25 8972.51 
Lamotte 2000 - 2120 Lamotte 9.02 2.1 2.03E-08 3.05E-02 2.46E-02 2.96 
7 1795.3-1837.5 Regan 10.73 260.65 2.52E-06 3.78E+00 341.43 14408.36 
6 1835.3-1877.5 Reagan 10.73 15.95 1.54E-07 2.31E-01 1.28 53.93 
5 1869.3-1911.5 Bonneterre 6.03 0.004 3.87E-11 5.81E-05 5.15E-08 2.17E-06 
4 1909.3-1951.5 Bonneterre 6.03 <0.001 9.67E-12 1.45E-05 3.22E-09 1.36E-07 
3 2005.3-2047.5 Lamotte 9.02 3.17 3.07E-08 4.61E-02 5.62E-02 2.37 
2 2089-2110.1 Lamotte 9.02 0.0498 4.82E-10 7.23E-04 1.38E-05 2.92E-04 










 6.2.5. Storage Capacity.  Theoretical storage capacity of the formation was 
calculated based on total pore capacity per acre of formation area.  That is, 100% of the 
pore space in the formation would be occupied by carbon dioxide, and none of the pore 
space would be occupied by water.  Although this is not realistic, it gives an upper bound 
to the volume of carbon dioxide that the formation can accept at initial formation pressure 
and temperature.  A compositional simulation model for long term CO2 injection and 
storage that includes the boundaries of the formation, which is expected in a separate 
thesis, is needed to accurately estimate the actual storage capacity of the Lamotte and 
Reagan Sandstones. 
 Formation thickness, average porosity, average formation temperature and 
pressure, CO2 gas compressibility factor, and CO2 formation volume factor are needed to 
calculate the maximum theoretical storage capacity of the Reagan and Lamotte 
Sandstones.  Table 6.15 shows these parameters, as well as the storage capacity per acre 
and per acre-ft for both the Reagan and Lamotte Sandstones.  Deeper formations will 
have higher average pressures and temperatures, thus lowering the formation volume 
factor.  This will increase the possible storage capacity because the CO2 will be more 
compressed in a deeper formation.  During long term injection, the formation pore 
pressure will be increased, which will cause the gas compressibility factor to decrease.  






























Reagan  70 10.7 70.2 667 0.6289 0.01413 23.090 329.9 










 In this study, shallow Lamotte and Reagan Formations at the City Utilities 
Exploratory Well #1 were investigated.  The study included an analysis of porosity, 
permeability, Young’s Modulus, and Poisson’s Ratio for the potential confining layer 
(Bonneterre, Davis, and Derby-Doe Run Formations), and an analysis of porosity, 
permeability, Young’s Modulus, Poisson’s Ratio, formation breakdown pressure, and 
minimum in situ stress for the potential target formation (Lamotte and Reagan 
Sandstones). 
 The Derby-Doe Run, Davis, and Bonneterre Formations were found to have 
permeability generally less than 1 microdarcy, which may be sufficient as a confining 
layer, but nanodarcy permeability should be confirmed with capillary pressure tests.  The 
average permeability measured was less than 1 microdarcy in the 260 feet of confining 
layer that was contacted by Exploratory Well #1, from depths of 1520’ to 1780’.  In 
addition, the Davis Formation was found to include a significant amount of shale which 
appeared to create many thin impermeable zones throughout the Davis Formation.  The 
confining layer exhibited a high Young’s Modulus value, indicating that it was a strong 
zone.  Though the confining layer Poisson’s Ratio was not extremely high, it was higher 
than the Poisson’s Ratio measured in the target formation.  Both a high Young’s Modulus 
and a high Poisson’s Ratio will aid in restricting any fracture height growth in the event 
that a fracture is created during injection into the target formation. 
 The analysis of the target formation, between the depths of 1780’ and 2120’, 
clearly indicated there were two zones of interest for carbon dioxide injection.  The 
Reagan and Lamotte Sandstones, which have low shale volume, are separated by the 
Bonneterre Dolomite, which has a relatively high shale volume.  Due to the difference in 
shale volume, the sandstone layers both have higher porosity and higher permeability 
than the shale rich dolomite.  This was confirmed by porosity and permeability core 




 The analysis of both the Reagan and Lamotte Sandstones in the target formation 
revealed that these zones are not quite suitable for CO2 sequestration.  Porosity 
measurements in both formations had an average of approximately 10%, which suggests 
insufficient long term storage capacity.  While parts of the Reagan Sandstone displayed 
adequate permeability for sequestration with an average core test value over 200 md, the 
thickness of the Reagan Sandstone was limited.  The Lamotte Sandstone, with an average 
core test permeability of approximately 2 md, was not sufficiently permeable for 
sequestration.  Fracture breakdown pressure in the Lamotte Sandstone was calculated to 
be 1440 psi, which is approximately 670 psi above initial formation pore pressure in the 
Lamotte Sandstone.  If fractures are created in the target formation, the geomechanical 
properties of the confining layer suggest that it is possible that the confining layer could 
restrict the fracture’s height growth toward the surface.  However, both Eaton’s equation 
and StimPlan analysis of hydrofrac and hydrojack tests provided an estimate of minimum 
in situ stress in the Reagan and Lamotte Formations to be less than 250 psi above initial 
formation pore pressure.  If regulations required initial net injection pressure to be below 
minimum in situ stress, the net injection pressure would likely be low, and this could 
adversely affect the rate and duration of long term injection. 
 The Reagan and Lamotte Formations are found throughout the state of Missouri, 
and other wells have found zones of these formations with much higher porosity and 
permeability.  Although the Reagan and Lamotte Sandstones contacting City Utilities 
Exploratory Well #1 would not be candidates for sequestering CO2 in a shallow reservoir, 
further work is recommended to determine whether it is feasible to sequester carbon 
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Mass Balance (Rm 112) Mass Balance (Rm. 104) 
         
mL g (syringe) 
g (grad. 




g/cc g/cc g/cc g/cc 
 
Avg. 
  10 9.953 9.224 9.88 9.5 
 
0.9953 0.9224 0.9880 0.9500 
 
0.96393 
  20 19.944 18.969 19.64 19.52 
 
0.9972 0.9485 0.9820 0.9760 
 
0.97591 
  30 29.935 29.043 29.41 29.55 
 
0.9978 0.9681 0.9803 0.9850 
 
0.98282 
  40 39.935 39.106 39.24 39.55 
 
0.9984 0.9777 0.9810 0.9888 
 
0.98644 
  50 49.883 49.156 49.11 49.71 
 





60 59.877 59.23 58.96 59.51 
 
0.9980 0.9872 0.9827 0.9918 
 
0.98990 
  70 69.884 69.026 68.85 69.46 
 
0.9983 0.9861 0.9836 0.9923 
 
0.99007 
  80 79.901 79.215 78.64 79.31 
 
0.9988 0.9902 0.9830 0.9914 
 
0.99083 
  90 89.891 89.133 88.46 89.57 
 
0.9988 0.9904 0.9829 0.9952 
 
0.99182 
  100 99.838 99.468 98.3 99.49 
 




              
              
              
              
              
              
              
              
              
              
              
              
              








             
 
112 Mass Balance 104 Mass Balance 
         
mL g (syringe) 
g (grad. 




g/cc g/cc g/cc g/cc 
 
Avg. 
  10 10.019 8.979 9.86 9.59 
 
1.0019 0.8979 0.9860 0.9590 
 
0.96120 
  20 20.028 18.845 19.67 19.12 
 
1.0014 0.9423 0.9835 0.9560 
 
0.97079 
  30 30.025 28.802 29.48 29.11 
 
1.0008 0.9601 0.9827 0.9703 
 
0.97848 
  40 40.005 39.002 39.3 39.05 
 





50 49.941 48.806 49.01 49.08 
 
0.9988 0.9761 0.9802 0.9816 
 
0.98419 
  60 59.911 58.869 58.82 58.82 
 
0.9985 0.9812 0.9803 0.9803 
 
0.98508 
  70 69.955 68.759 68.67 68.81 
 
0.9994 0.9823 0.9810 0.9830 
 
0.98641 
  80 79.955 78.928 78.5 78.63 
 
0.9994 0.9866 0.9813 0.9829 
 
0.98754 
  90 89.912 88.813 88.38 88.7 
 
0.9990 0.9868 0.9820 0.9856 
 
0.98835 
  100 99.915 99.205 98.24 98.83 
 






































Water density (1460 feet to 1900 feet) – 0.986503 g/cc 























1460.8 2.508 3.757 18.560 51.851 52.049 0.201 18.360 1.081 2.824 
1480.6 2.522 3.751 18.738 51.336 51.586 0.253 18.485 1.352 2.777 
1487.2 2.508 3.756 18.555 50.805 50.970 0.167 18.388 0.901 2.763 
1501.9 2.508 3.759 18.570 49.561 50.629 1.083 17.488 5.830 2.834 
1528.2 2.507 3.760 18.560 47.596 49.362 1.790 16.770 9.645 2.838 
1532.0 2.511 3.769 18.664 51.532 51.616 0.085 18.579 0.456 2.774 
1536.6 2.509 3.776 18.669 50.926 51.260 0.339 18.331 1.814 2.778 
1558.9 2.511 3.753 18.585 50.421 50.700 0.283 18.302 1.522 2.755 
1568.4 2.511 3.759 18.615 51.963 52.353 0.395 18.219 2.124 2.852 
1574.0 2.512 3.763 18.649 50.956 51.180 0.227 18.422 1.218 2.766 
1578.1 2.511 3.761 18.625 50.308 50.926 0.626 17.998 3.364 2.795 
1593.4 2.518 3.767 18.758 49.112 49.652 0.547 18.211 2.918 2.697 
1596.4 2.516 3.764 18.714 49.611 50.293 0.691 18.022 3.694 2.753 
1601.0 2.513 3.758 18.639 50.175 50.299 0.126 18.514 0.674 2.710 
1612.0 2.509 3.764 18.610 50.399 50.562 0.165 18.445 0.888 2.732 
1615.8 2.512 3.760 18.634 49.329 49.559 0.233 18.401 1.251 2.681 
1620.1 2.511 3.706 18.352 49.863 49.961 0.099 18.253 0.541 2.732 
1625.1 2.511 3.771 18.674 49.703 49.942 0.242 18.432 1.297 2.697 
1634.6 2.510 3.762 18.615 50.796 50.916 0.122 18.493 0.653 2.747 
1684.4 2.511 3.774 18.689 50.122 50.723 0.609 18.080 3.260 2.772 
1688.4 2.516 3.760 18.694 49.917 50.336 0.425 18.269 2.272 2.732 
1693.9 2.511 3.758 18.610 48.260 48.834 0.582 18.028 3.127 2.677 
1700.3 2.511 3.760 18.620 48.563 49.111 0.555 18.064 2.983 2.688 
1703.7 2.513 3.756 18.629 51.059 51.383 0.328 18.301 1.763 2.790 
1709.1 2.511 3.753 18.585 52.049 52.210 0.163 18.422 0.878 2.825 
1713.7 2.516 3.759 18.689 51.769 51.966 0.200 18.489 1.069 2.800 
1718.4 2.512 3.757 18.620 51.881 52.139 0.262 18.358 1.405 2.826 
1724.4 2.512 3.746 18.565 51.088 51.353 0.269 18.296 1.447 2.792 
1725.9 2.513 3.750 18.600 51.018 51.285 0.271 18.329 1.455 2.783 
1727.9 2.517 5.448 27.108 73.745 73.891 0.148 26.960 0.546 2.735 
1731.0 2.519 6.044 30.121 83.541 83.782 0.244 29.877 0.811 2.796 
1736.7 2.518 3.646 18.156 48.088 48.17 0.083 18.073 0.458 2.661 
1740.9 2.515 5.160 25.634 68.676 68.844 0.170 25.464 0.664 2.697 








1752.1 2.517 4.830 24.033 65.744 66.023 0.283 23.750 1.177 2.768 
1755.6 2.513 5.999 29.755 78.837 79.408 0.579 29.176 1.945 2.702 
1758.9 2.512 6.240 30.925 81.567 82.624 1.071 29.854 3.465 2.732 
1765.1 2.511 6.123 30.321 81.385 81.67 0.289 30.032 0.953 2.710 
1770.7 2.516 6.525 32.441 87.459 88.143 0.693 31.747 2.137 2.755 
1775.3 2.514 6.527 32.399 85.753 87.691 1.965 30.435 6.063 2.818 
1778.2 2.520 6.213 30.988 82.879 84.35 1.491 29.497 4.812 2.810 
1783.2 2.516 6.142 30.537 73.144 75.758 2.650 27.471 8.677 2.663 
1783.8 2.514 6.098 30.270 74.726 77.14 2.447 27.823 8.084 2.686 
1784.9 2.520 6.296 31.402 73.165 76.224 3.101 27.780 9.875 2.634 
1787.1 2.516 6.668 33.152 79.285 83.042 3.808 29.343 11.488 2.702 
1789.9 2.516 5.615 27.916 66.152 69.272 3.163 24.754 11.329 2.672 
1793.6 2.520 6.786 33.846 76.361 80.876 4.577 29.269 13.522 2.609 
1794.6 2.521 5.261 26.261 59.04 62.284 3.288 22.480 12.522 2.626 
1798.8 2.519 6.786 33.819 84.237 86.221 2.011 31.808 5.947 2.648 
1803.7 2.522 7.047 35.203 85.946 88.658 2.749 32.454 7.809 2.648 
1811.3 2.520 6.905 34.439 82.213 85.32 3.150 31.043 9.145 2.648 
1813.9 2.523 6.723 33.611 86.191 87.788 1.619 31.993 4.816 2.694 
1817.8 2.522 6.343 31.687 67.594 72.605 5.080 25.670 16.030 2.633 
1819.6 A 2.520 2.875 14.339 31.06 33.25 2.220 12.119 15.482 2.563 
1819.6 B 2.521 3.610 18.020 39.153 42.025 2.911 15.108 16.156 2.592 
1823.8 2.522 7.104 35.488 87.352 90.494 3.185 32.303 8.975 2.704 
1829.1 2.521 6.664 33.264 77.184 81.091 3.960 29.303 11.906 2.634 
1833.4 2.513 5.781 28.673 66.488 69.608 3.163 25.511 11.030 2.606 
1834.7 2.519 6.460 32.194 76.852 80.095 3.287 28.907 10.211 2.659 
1840.4 2.518 4.860 24.201 57.53 59.547 2.045 22.157 8.448 2.597 
1841.5 2.517 7.440 37.019 88.894 92.349 3.502 33.517 9.461 2.652 
1847.9 2.518 6.180 30.774 72.613 75.86 3.291 27.483 10.695 2.642 
1852.7 2.519 6.025 30.026 68.793 72.704 3.965 26.062 13.203 2.640 
1861.4 2.521 3.772 18.828 44.793 46.651 1.883 16.945 10.003 2.643 
1865.5 A 2.522 2.548 12.729 32.986 33.181 0.198 12.531 1.553 2.632 
1865.5 B 2.521 3.720 18.569 49.114 49.424 0.314 18.254 1.692 2.691 
1879.4 2.519 4.570 22.775 52.775 55.485 2.747 20.028 12.062 2.635 
1890.9 2.516 6.133 30.492 82.415 82.706 0.295 30.197 0.967 2.729 
1892.3 2.520 3.526 17.586 44.667 45.543 0.888 16.698 5.049 2.675 
1907.4 2.519 7.022 34.995 87.791 90.884 3.124 31.871 8.926 2.755 
1918.5 2.517 5.926 29.486 76.277 77.192 0.924 28.562 3.134 2.671 
1920.0 2.521 6.692 33.403 87.568 88.121 0.558 32.845 1.672 2.666 
1936.7 2.523 7.818 39.086 101.098 101.912 0.822 38.264 2.103 2.642 
1944.6 2.516 5.195 25.828 64.886 65.891 1.015 24.813 3.930 2.615 








1956.8 A 2.507 3.771 18.615 45.094 47.079 2.005 16.610 10.770 2.715 
1956.8 B 2.457 3.345 15.860 38.787 40.843 2.076 13.783 13.093 2.814 
1967.1 2.512 6.616 32.789 83.38 84.639 1.272 31.517 3.878 2.646 
1972.6 2.517 6.163 30.665 76.45 77.795 1.358 29.307 4.430 2.609 
1978.3 2.510 4.797 23.736 56.903 59.129 2.248 21.488 9.471 2.648 
1983.3 2.515 7.168 35.609 86.118 89.079 2.990 32.619 8.398 2.640 
1989.0 A 2.515 3.627 18.018 42.219 43.844 1.641 16.377 9.108 2.578 
1989.0 B 2.512 4.037 20.007 45.299 47.152 1.871 18.136 9.354 2.498 
1995.2 2.509 6.835 33.793 72.395 78.397 6.062 27.732 17.938 2.611 
2001.1 2.507 5.734 28.305 64.233 67.332 3.130 25.175 11.058 2.551 
2004.9 A 2.516 3.699 18.391 43.168 44.952 1.802 16.589 9.797 2.602 
2004.9 B 2.518 3.692 18.385 41.438 43.802 2.388 15.997 12.986 2.590 
2010.9 2.514 6.664 33.079 79.157 82.123 2.995 30.084 9.055 2.631 
2013.8 2.489 4.436 21.584 52.171 53.858 1.704 19.880 7.894 2.624 
2020.1 2.509 7.169 35.445 83.88 87.213 3.366 32.078 9.497 2.615 
2027.1 A 2.496 2.977 14.567 34.424 35.215 0.799 13.768 5.484 2.500 
2027.1 B 2.503 3.488 17.163 40.964 41.563 0.605 16.558 3.525 2.474 
2033.6 2.512 6.207 30.762 71.292 74.719 3.461 27.301 11.251 2.611 
2040.8 2.510 5.185 25.656 62.286 63.24 0.963 24.692 3.755 2.522 
2047.5 2.508 5.827 28.787 70.317 71.61 1.306 27.481 4.536 2.559 
2052.4 2.498 6.657 32.625 77.5 80.281 2.809 29.817 8.609 2.599 
2061.2 2.508 4.045 19.983 47.994 49.668 1.691 18.292 8.460 2.624 
2079.5 2.507 3.577 17.657 41.637 43.119 1.497 16.160 8.477 2.577 
2083.9 A 2.511 3.246 16.074 38.668 39.766 1.109 14.965 6.899 2.584 
2083.9 B 2.513 4.255 21.104 44.882 47.001 2.140 18.964 10.140 2.367 
2088.4 2.508 5.566 27.497 69.082 69.519 0.441 27.056 1.605 2.553 
2094.1 A 2.506 2.742 13.524 29.019 31.263 2.266 11.258 16.757 2.578 
2094.1 B 2.513 3.926 19.473 44.025 46.343 2.341 17.132 12.022 2.570 
2097.9 2.511 4.538 22.472 48.974 51.091 2.138 20.334 9.514 2.408 
2103.8 2.522 4.162 20.791 46.766 49.347 2.607 18.185 12.537 2.572 
2120.4 2.515 6.839 33.975 77.893 81.922 4.069 29.906 11.977 2.605 
2125.5 A 2.519 3.321 16.551 38.872 40.239 1.381 15.170 8.342 2.562 
2125.5 B 2.520 4.193 20.913 48.92 51.02 2.121 18.792 10.141 2.603 
2133.1 A 2.519 3.787 18.873 44.642 46.282 1.656 17.217 8.776 2.593 
2133.1 B 2.519 3.271 16.301 37.779 39.452 1.690 14.612 10.365 2.586 
2137.4 2.516 6.565 32.640 74.277 77.905 3.664 28.976 11.226 2.563 
2139.9 A 2.515 3.718 18.470 40.898 43.051 2.174 16.296 11.772 2.510 
2139.9 B 2.520 3.330 16.609 38.092 39.951 1.877 14.731 11.304 2.586 










































(psia) k calc 1/Pmean 
1460.8 3.757 2.508 150.27 165.32 15.09 0.004 90.222 0.00959 0.0111 
1460.8 3.757 2.508 234.78 249.76 15.01 0.005 132.401 0.00790 0.0076 
1460.8 3.757 2.508 290.76 305.72 14.98 0.006 160.36 0.00773 0.0062 
                    
1480.6 3.751 2.511 204.1 219.22 15.17 0.001 117.218 0.00179 0.0085 
1480.6 3.751 2.511 244.73 259.92 15.19 0.002 137.56 0.00302 0.0073 
1480.6 3.751 2.511 290.66 305.84 15.17 0.002 160.509 0.00257 0.0062 
                    
1487.2 3.756 2.508 289.83 305 15.17 0.001 160.081 0.00129 0.0062 
                    
1501.9 3.759 2.508 161.95 177.02 15.13 0.112 96.107 0.25058 0.0104 
1501.9 3.759 2.508 212.19 227.35 15.18 0.135 121.277 0.23450 0.0082 
1501.9 3.759 2.508 257.76 273.01 15.25 0.152 144.127 0.21958 0.0069 
1501.9 3.759 2.508 296.25 311.32 15.15 0.167 163.278 0.21140 0.0061 
                    
1528.2 3.76 2.507 152.8 167.98 15.19 0.094 91.591 0.22206 0.0109 
1528.2 3.76 2.507 192.16 207.39 15.23 0.114 111.313 0.21752 0.0090 
1528.2 3.76 2.507 242.23 257.43 15.2 0.137 136.316 0.21019 0.0073 
1528.2 3.76 2.507 290.82 305.98 15.18 0.16 160.581 0.20632 0.0062 
                    
1532.0 3.769 2.511 286.82 301.99 15.17 0 158.583 0.00000 0.0063 
                    
1536.6 3.776 2.509 281.64 296.84 15.21 0 156.024 0.00000 0.0064 







1558.9 3.753 2.511 291 306.19 15.2 0 160.695 0.00000 0.0062 
                    
1568.4 3.759 2.511 289.67 304.83 15.17 0 160 0.00000 0.0063 
                    
1574.0 3.763 2.512 280.3 295.47 15.17 0 155.318 0.00000 0.0064 
                    
1578.1 3.761 2.511 179.52 194.7 15.18 0.002 104.944 0.00406 0.0095 
1578.1 3.761 2.511 245.46 260.63 15.18 0.002 137.912 0.00302 0.0073 
1578.1 3.761 2.511 289.37 304.53 15.16 0.002 159.842 0.00258 0.0063 
                    
1593.4 3.767 2.518 284.77 299.94 15.16 0 157.549 0.00000 0.0063 
                    
1596.4 3.764 2.516 158.51 173.71 15.2 0.005 94.456 0.01135 0.0106 
1596.4 3.764 2.516 220.26 235.46 15.21 0.006 125.338 0.01001 0.0080 
1596.4 3.764 2.516 289.49 304.69 15.19 0.008 159.94 0.01030 0.0063 
                    
1601.0 3.758 2.513 292.95 308.15 15.2 0 161.676 0.00000 0.0062 
                    
1612.0 3.764 2.509 296.15 311.38 15.23 0 163.306 0.00000 0.0061 
                    
1615.8 3.76 2.512 288.22 303.41 15.19 0.001 159.298 0.00130 0.0063 
                    
1620.1 3.706 2.511 289.79 304.98 15.19 0 160.086 0.00000 0.0062 
                    
1625.1 3.771 2.511 281.96 297.13 15.17 0 156.152 0.00000 0.0064 







1634.6 3.762 2.51 290.98 306.12 15.14 0 160.632 0.00000 0.0062 
                    
1684.4 3.774 2.511 243.62 258.8 15.18 0.001 136.988 0.00153 0.0073 
1684.4 3.774 2.511 289.11 304.24 15.14 0.001 159.692 0.00130 0.0063 
                    
1688.4 3.76 2.516 289.45 304.6 15.15 0.001 159.878 0.00129 0.0063 
                    
1693.9 3.758 2.511 293.77 308.89 15.12 0 162.006 0.00000 0.0062 
                    
1700.3 3.76 2.511 255.39 270.53 15.15 0.001 142.842 0.00145 0.0070 
1700.3 3.76 2.511 290.52 305.68 15.15 0.001 160.415 0.00129 0.0062 
                    
1703.7 3.756 2.513 293.03 308.18 15.15 0 161.665 0.00000 0.0062 
                    
1709.1 3.756 2.513 281.61 296.72 15.12 0 155.92 0.00000 0.0064 
                    
1713.7 3.759 2.516 290 305.15 15.15 0 160.153 0.00000 0.0062 
                    
1718.4 3.757 2.512 282.19 297.33 15.15 0 156.24 0.00000 0.0064 
                    
1724.4 3.746 2.512 287.41 302.56 15.14 0 158.851 0.00000 0.0063 
                    
1725.9 3.75 2.513 202.38 217.55 15.17 0.001 116.358 0.00180 0.0086 
1725.9 3.75 2.513 290.6 305.77 15.17 0.001 160.472 0.00128 0.0062 
                    







1727.9 5.448 2.517 232.09 246.94 14.85 0.001 130.892 0.002299 0.0076 
1727.9 5.448 2.517 258.04 272.89 14.85 0.001 143.863 0.002079 0.0070 
1727.9 5.448 2.517 296.55 311.37 14.82 0.001 163.094 0.001821 0.0061 
          1736.7 3.624 2.512 296.8 311.96 15.16 0 163.559 0.00000 0.0061 
                    
1740.9 5.16 2.515 278.52 293.41 14.89 0.001 154.152 0.001834 0.0065 
1740.9 5.16 2.515 298.67 313.54 14.87 0.001 164.208 0.001716 0.0061 
                    
1752.1 4.83 2.517 151.89 166.77 14.87 0.001 90.822 0.003032 0.0110 
1752.1 4.83 2.517 201.09 215.99 14.9 0.002 115.448 0.004667 0.0087 
1752.1 4.83 2.517 254.62 269.42 14.81 0.002 142.119 0.003735 0.0070 
1752.1 4.83 2.517 272.25 287.1 14.85 0.003 150.976 0.005255 0.0066 
1752.1 4.83 2.517 298.24 313.11 14.87 0.003 163.989 0.004817 0.0061 
                    
























(psia) k calc 1/Pmean 
                    
1775.3 6.527 2.514 124.46 139.38 14.92 0.003 77.151 0.014793 0.0130 
1775.3 6.527 2.514 175.51 190.43 14.92 0.004 102.681 0.014359 0.0097 
1775.3 6.527 2.514 231.15 246.05 14.9 0.005 130.472 0.013857 0.0077 
1775.3 6.527 2.514 290.11 305.01 14.9 0.006 159.959 0.013397 0.0063 
                    
1778.2 6.213 2.52 122.34 137.14 14.8 0.005 75.969 0.023744 0.0132 
1778.2 6.213 2.52 168.61 183.45 14.84 0.006 99.146 0.02119 0.0101 
1778.2 6.213 2.52 245.22 260.08 14.86 0.009 137.471 0.022347 0.0073 
1778.2 6.213 2.52 296.33 311.15 14.82 0.01 162.99 0.020733 0.0061 
                    
1783.2 6.058 2.516 15.28 127.18 111.92 12.502 119.519 274.3642 0.0084 
1783.2 6.058 2.516 9.53 189.05 179.52 7.837 184.277 265.5687 0.0054 
1783.2 6.058 2.516 9.17 290.85 281.68 6.609 286.211 230.5156 0.0035 
1783.2 6.058 2.516 6.26 382.64 376.38 4.659 379.464 236.2211 0.0026 
                    
1783.8 6.098 2.514 54.27 71.27 17 6.879 44.135 64.96376 0.0227 
1783.8 6.098 2.514 78.93 98.31 19.38 8.775 58.85 58.94883 0.0170 
1783.8 6.098 2.514 100.26 122.35 22.09 9.69 72.213 51.96664 0.0138 
1783.8 6.098 2.514 127.02 153.42 26.4 10.374 89.913 44.23135 0.0111 
1783.8 6.098 2.514 160.26 193.02 32.76 11.069 112.898 37.48108 0.0089 
1783.8 6.098 2.514 188.38 227.21 38.83 11.39 133.019 32.77793 0.0075 
1783.8 6.098 2.514 217.67 263.26 45.59 11.724 154.429 29.14248 0.0065 
1783.8 6.098 2.514 252.1 306.2 54.11 12.079 180.16 25.84737 0.0056 







1784.9 6.296 2.52 8.23 25.9 17.67 17.597 21.786 829.0292 0.0459 
1784.9 6.296 2.52 12.91 35.53 22.62 25.227 29.073 778.76 0.0344 
1784.9 6.296 2.52 16.52 45.18 28.66 28.465 36.926 687.6612 0.0271 
1784.9 6.296 2.52 19.96 56.08 36.11 30.372 46.093 603.4459 0.0217 
1784.9 6.296 2.52 22.57 65.4 42.83 31.244 54.115 545.6121 0.0185 
1784.9 6.296 2.52 25.19 75.58 50.39 31.99 62.983 496.9866 0.0159 
1784.9 6.296 2.52 27.67 85.5 57.82 32.615 71.666 458.4895 0.0140 
                    
1787.1 6.668 2.516 24.82 45.43 20.61 19.065 33.023 366.1847 0.0303 
1787.1 6.668 2.516 38.97 67.97 28.99 22.418 48.482 279.3889 0.0206 
1787.1 6.668 2.516 50.75 89.07 38.32 23.801 63.696 227.24 0.0157 
1787.1 6.668 2.516 61.21 109.06 47.85 24.59 78.458 193.4998 0.0127 
1787.1 6.668 2.516 69.54 125.44 55.93 25.07 90.72 172.865 0.0110 
                    
1789.9 5.615 2.516 8.52 25.22 16.7 13.782 20.964 567.9108 0.0477 
1789.9 5.615 2.516 14.86 35.49 20.63 22.114 28.058 549.1873 0.0356 
1789.9 5.615 2.516 20.67 47.42 26.74 25.7 37.088 463.7224 0.0270 
1789.9 5.615 2.516 27.99 65.57 37.58 28.298 51.58 375.0356 0.0194 
1789.9 5.615 2.516 33.24 80.38 47.13 29.407 63.755 325.3468 0.0157 
1789.9 5.615 2.516 37.55 93.25 55.7 30.181 74.483 293.6403 0.0134 
                    
1793.6 6.786 2.519 7.09 30.36 23.27 28.653 26.818 1609.647 0.0373 
1793.6 6.786 2.519 9.76 44.69 34.93 33.778 39.813 1366.737 0.0251 
1793.6 6.786 2.519 11.29 55.49 44.2 35.006 49.846 1214.295 0.0201 
1793.6 6.786 2.519 13.18 70.9 57.72 36.233 64.317 1066.202 0.0155 
                    







1794.6 5.261 2.521 8.36 34.7 26.35 30.406 30.526 1127.183 0.0328 
1794.6 5.261 2.521 10.22 46.37 36.14 33.7 41.258 1008.237 0.0242 
1794.6 5.261 2.521 11.49 56.3 44.81 34.885 50.557 920.6844 0.0198 
1794.6 5.261 2.521 12.65 66.99 54.34 35.666 60.669 847.7805 0.0165 
1794.6 5.261 2.521 13.34 73.72 60.39 35.972 67.052 807.8605 0.0149 
                    
1798.8 6.786 2.519 63.86 78.89 15.04 1.086 46.963 10.05077 0.0213 
1798.8 6.786 2.519 97.86 113.15 15.29 1.593 64.218 10.08968 0.0156 
1798.8 6.786 2.519 217.55 234.27 16.72 2.243 125.49 6.770849 0.0080 
1798.8 6.786 2.519 265.24 283.04 17.8 2.647 150.417 6.606019 0.0066 
1798.8 6.786 2.519 296.67 315.49 18.82 2.892 167.159 6.472523 0.0060 
                    
1803.7 7.047 2.522 55.3 70.18 14.89 0.028 42.541 0.304521 0.0235 
1803.7 7.047 2.522 67.84 82.72 14.88 0.033 48.803 0.300509 0.0205 
1803.7 7.047 2.522 78.69 93.61 14.93 0.038 54.272 0.303613 0.0184 
1803.7 7.047 2.522 198.49 213.5 15.01 0.063 114.251 0.216154 0.0088 
1803.7 7.047 2.522 231.2 246.21 15.01 0.071 130.613 0.210979 0.0077 
1803.7 7.047 2.522 293.65 308.68 15.03 0.085 161.849 0.201192 0.0062 
                    
1811.3 6.905 2.52 53.1 70.64 17.54 7.894 44.091 85.19242 0.0227 
1811.3 6.905 2.52 79.55 101.03 21.48 10.724 61.254 79.52675 0.0163 
1811.3 6.905 2.52 115.46 145.44 29.98 12.562 87.71 64.52823 0.0114 
1811.3 6.905 2.52 155.53 198.33 42.8 13.821 120.569 52.28538 0.0083 
1811.3 6.905 2.52 187.23 241.81 54.58 14.625 148.191 45.58783 0.0067 
1811.3 6.905 2.52 194.97 253.17 58.2 14.823 155.693 44.22029 0.0064 
                    







1813.9 6.723 2.523 164.11 178.95 14.84 0.004 96.891 0.015639 0.0103 
1813.9 6.723 2.523 204.23 219.05 14.82 0.005 116.941 0.015933 0.0086 
1813.9 6.723 2.523 268.12 282.95 14.84 0.006 148.895 0.014775 0.0067 
1813.9 6.723 2.523 268.11 282.96 14.85 0.006 148.903 0.014774 0.0067 
1813.9 6.723 2.523 296.48 311.28 14.79 0.007 163.034 0.015661 0.0061 
                    
1817.8 6.343 2.522 6.31 25.97 19.65 23.718 22.815 1401.643 0.0438 
1817.8 6.343 2.522 8.42 34.89 26.46 30.498 30.678 1349.864 0.0326 
1817.8 6.343 2.522 9.81 44.6 34.79 33.68 39.696 1265.412 0.0252 
1817.8 6.343 2.522 10.94 55.08 44.14 35.11 49.618 1168.875 0.0202 
1817.8 6.343 2.522 11.83 64.96 53.13 36.008 59.048 1098.517 0.0169 
1817.8 6.343 2.522 12.46 72.15 59.69 36.542 65.917 1052.987 0.0152 
                    
1819.6A 2.875 2.52 5.1 34.39 29.29 33.926 31.843 1069.999 0.0314 
1819.6A 2.875 2.52 5.88 43.59 37.72 36.025 40.662 979.9428 0.0246 
1819.6A 2.875 2.52 6.58 54.1 47.52 37.196 50.825 896.3557 0.0197 
1819.6A 2.875 2.52 7.37 67.31 59.95 38.096 63.642 815.4197 0.0157 
                    
1819.6B 3.61 2.521 4.26 25.97 21.71 29.225 23.842 1396.36 0.0419 
1819.6B 3.61 2.521 5.29 32.97 27.68 33.137 30.325 1272.513 0.0330 
1819.6B 3.61 2.521 6.47 44.39 37.93 35.923 41.164 1120.564 0.0243 
1819.6B 3.61 2.521 6.58 45.45 38.87 37.987 42.158 1162.864 0.0237 
1819.6B 3.61 2.521 7.24 53.59 46.35 36.863 49.973 1020.266 0.0200 
1819.6B 3.61 2.521 7.8 60.94 53.14 37.372 57.038 956.448 0.0175 
1819.6B 3.61 2.521 8.28 66.96 58.68 37.873 62.824 910.9689 0.0159 
                    







1823.8 7.104 2.522 76.48 91.59 15.12 1.15 53.354 9.48457 0.0187 
1823.8 7.104 2.522 101.92 117.09 15.18 1.3 66.137 8.297609 0.0151 
1823.8 7.104 2.522 119.37 134.64 15.27 1.396 74.955 7.717945 0.0133 
                    
1829.1 6.664 2.521 11.66 113.16 101.5 10.768 107.318 335.8325 0.0093 
1829.1 6.664 2.521 12.47 154.97 142.5 10.43 148.723 300.5846 0.0067 
1829.1 6.664 2.521 12.58 217.3 204.72 9.606 210.993 271.2271 0.0047 
1829.1 6.664 2.521 11.24 247.01 235.78 8.528 241.39 268.0206 0.0041 
1829.1 6.664 2.521 9.48 304.33 294.85 7.107 299.563 262.6697 0.0033 
1829.1 6.664 2.521 8.56 345.74 337.18 6.334 341.435 258.4215 0.0029 
1829.1 6.664 2.521 8.24 399.81 391.57 5.925 395.674 250.596 0.0025 
                    
1833.4 5.781 2.513 59.59 75.34 15.76 3.313 45.553 27.695 0.0220 
1833.4 5.781 2.513 77.24 93.64 16.4 4.259 55.024 28.25852 0.0182 
1833.4 5.781 2.513 94.89 112.17 17.28 5.077 64.724 27.92123 0.0155 
1833.4 5.781 2.513 117.32 136.16 18.85 6.009 77.504 27.09756 0.0129 
1833.4 5.781 2.513 142.14 163.24 21.1 6.871 92.17 25.78005 0.0108 
1833.4 5.781 2.513 164.67 188.34 23.67 7.34 106.008 23.8474 0.0094 
1833.4 5.781 2.513 195.85 223.91 28.06 7.992 125.981 21.83885 0.0079 
1833.4 5.781 2.513 234.68 269.4 34.72 8.686 152.057 19.74556 0.0066 
1833.4 5.781 2.513 256.2 295.13 38.93 9.001 167.029 18.69277 0.0060 
1833.4 5.781 2.513 277.11 320.47 43.37 9.321 181.917 17.84334 0.0055 
1833.4 5.781 2.513 295.64 343.29 47.65 9.591 195.471 17.15635 0.0051 
                    
1834.7 6.46 2.519 95.46 111.2 15.75 2.218 63.477 13.63293 0.0158 
1834.7 6.46 2.519 136.95 153.52 16.58 3.064 85.051 13.52541 0.0118 







1834.7 6.46 2.519 218.96 238.42 19.45 4.105 128.936 11.60919 0.0078 
1834.7 6.46 2.519 278.83 301.44 22.61 4.503 162.027 10.06196 0.0062 
                    
1840.4 4.86 2.518 60.98 78.35 17.37 7.256 47.861 49.11636 0.0209 
1840.4 4.86 2.518 79.16 98.78 19.62 9.212 59.199 48.96046 0.0169 
1840.4 4.86 2.518 103.34 127.49 24.16 10.804 75.826 44.32736 0.0132 
1840.4 4.86 2.518 142.31 176.61 34.31 12.469 105.462 37.00021 0.0095 
1840.4 4.86 2.518 174.55 219.3 44.76 13.378 132.045 32.10053 0.0076 
1840.4 4.86 2.518 185.83 234.52 48.73 13.683 141.657 30.75027 0.0071 
                    
1841.5 7.44 2.517 69.77 92.32 22.55 13.27 57.444 118.1009 0.0174 
1841.5 7.44 2.517 93.34 123.97 30.62 15.439 77.294 102.4712 0.0129 
1841.5 7.44 2.517 112.97 152.29 39.32 16.509 95.809 89.7372 0.0104 
1841.5 7.44 2.517 134.18 184.18 50 17.459 117.096 79.0653 0.0085 
1841.5 7.44 2.517 149.18 207.32 58.15 18.052 132.732 73.01822 0.0075 
                    
1847.9 6.18 2.518 53.48 76.78 23.3 15.528 50.037 142.8424 0.0200 
1847.9 6.18 2.518 70.68 101.41 30.74 17.642 66.081 122.8453 0.0151 
1847.9 6.18 2.518 85.4 124.16 38.77 18.7 81.462 107.0157 0.0123 
1847.9 6.18 2.518 102.6 152.31 49.7 19.765 101.006 93.13113 0.0099 
1847.9 6.18 2.518 116.05 175.17 59.12 20.489 117.147 84.64743 0.0085 
                    
1852.7 6.025 2.519 85.19 100.39 15.2 1.109 57.793 7.062672 0.0173 
1852.7 6.025 2.519 109.34 124.68 15.34 1.41 70.01 7.17303 0.0143 
1852.7 6.025 2.519 296.57 315.9 19.33 3.11 167.618 6.172993 0.0060 
                    







1861.4 3.772 2.521 78.53 93.84 15.32 1.817 54.579 7.767482 0.0183 
1861.4 3.772 2.521 235.26 254.08 18.82 3.475 136.45 5.369759 0.0073 
1861.4 3.772 2.521 250.32 269.84 19.52 3.676 144.68 5.347231 0.0069 
1861.4 3.772 2.521 265.73 286.07 20.34 3.885 153.199 5.329678 0.0065 
1861.4 3.772 2.521 276.69 297.65 20.96 3.989 159.303 5.25894 0.0063 
1861.4 3.772 2.521 298.19 320.43 22.25 4.154 171.343 5.086436 0.0058 
                    
1865.5A 2.548 2.522 125.78 140.69 14.91 0.003 77.797 0.005684 0.0129 
1865.5A 2.548 2.522 176.18 191.12 14.95 0.004 103.031 0.00555 0.0097 
1865.5A 2.548 2.522 229.1 244.03 14.94 0.006 129.485 0.006504 0.0077 
1865.5A 2.548 2.522 292.94 307.84 14.91 0.007 161.384 0.006007 0.0062 
                    
1865.5B 3.72 2.521 117.44 132.36 14.91 0.002 73.632 0.005893 0.0136 
1865.5B 3.72 2.521 179.07 194.02 14.96 0.002 104.495 0.003993 0.0096 
1865.5B 3.72 2.521 242 256.87 14.88 0.003 135.877 0.004513 0.0074 
1865.5B 3.72 2.521 296.43 311.34 14.91 0.004 163.128 0.004959 0.0061 
                    
1890.9 6.133 2.516 293.06 307.91 14.85 0.001 161.378 0.002075 0.0062 
                    
1892.3 3.526 2.52 78 92.9 14.9 0.003 53.904 0.012108 0.0186 
1892.3 3.526 2.52 149.62 164.55 14.93 0.004 89.743 0.008953 0.0111 
1892.3 3.526 2.52 227.5 242.38 14.88 0.006 128.629 0.009077 0.0078 
1892.3 3.526 2.52 294.72 309.59 14.86 0.008 162.217 0.009461 0.0062 
                    
1920.6 6.692 2.521 290.54 305.38 14.85 0.001 160.115 0.002274 0.0062 
1920.6 6.692 2.521 259.41 274.22 14.81 0.001 144.514 0.002534 0.0069 







1920.6 6.692 2.521 198.01 212.81 14.8 0.001 113.806 0.003271 0.0088 
                    
1944.6 5.195 2.516 298.06 312.41 14.53 0 163.557 0 0.0061 
                    
1951.4 5.638 2.51 295.04 309.86 14.82 0.003 162.346 0.005713 0.0062 
                    
1956.8A 3.771 2.507 52.65 67.79 15.15 1.07 41.469 6.558017 0.0241 
1956.8A 3.771 2.507 98.63 113.92 15.31 1.679 64.616 5.924742 0.0155 
1956.8A 3.771 2.507 201.44 217.76 16.32 1.912 117.044 3.485451 0.0085 
1956.8A 3.771 2.507 234.19 251.05 16.87 2.193 133.966 3.463753 0.0075 
1956.8A 3.771 2.507 257.81 275.18 17.38 2.372 146.281 3.416148 0.0068 
1956.8A 3.771 2.507 290.12 308.29 18.17 2.602 163.236 3.343198 0.0061 
                    
1956.8B 3.345 2.457 50.96 68.73 17.77 9.067 43.257 51.53537 0.0231 
1956.8B 3.345 2.457 94.58 120.67 26.09 12.548 73.381 39.76562 0.0136 
1956.8B 3.345 2.457 132.53 169.37 36.85 13.883 103.116 31.36524 0.0097 
1956.8B 3.345 2.457 165.9 214.09 48.2 14.69 131.145 26.34858 0.0076 
1956.8B 3.345 2.457 193.5 252.1 58.61 15.202 155.36 23.23811 0.0064 
                    
1967.1 6.616 2.512 91.43 106.35 14.92 0.013 60.639 0.08601 0.0165 
1967.1 6.616 2.512 158.35 173.25 14.91 0.02 94.083 0.080223 0.0106 
                    
1972.6 6.163 2.517 94.59 109.55 14.96 0.023 62.256 0.136922 0.0161 
1972.6 6.163 2.517 112.06 126.87 14.86 0.027 70.892 0.138097 0.0141 
1972.6 6.163 2.517 273.34 288.27 14.94 0.049 151.604 0.10908 0.0066 
1972.6 6.163 2.517 295.32 310.25 14.93 0.053 162.594 0.109585 0.0062 







1983.3 7.168 2.515 52.49 67.33 14.85 0.021 41.083 0.244425 0.0243 
1983.3 7.168 2.515 77.2 92.07 14.87 0.029 53.468 0.241121 0.0187 
1983.3 7.168 2.515 93.65 108.54 14.89 0.034 61.718 0.238022 0.0162 
1983.3 7.168 2.515 205.78 220.77 15 0.055 117.884 0.186599 0.0085 
1983.3 7.168 2.515 227.57 242.54 14.98 0.061 128.76 0.188228 0.0078 
1983.3 7.168 2.515 252.08 267.07 15 0.068 141.03 0.190429 0.0071 
1983.3 7.168 2.515 277.86 292.85 15 0.075 153.926 0.191441 0.0065 
1983.3 7.168 2.515 295.19 310.26 15.02 0.08 162.622 0.192691 0.0061 
                    
1989.0A 3.627 2.515 160.02 178.22 18.21 4.291 98.215 9.178818 0.0102 
1989.0A 3.627 2.515 178.11 197.35 19.24 4.663 108.295 8.999173 0.0092 
1989.0A 3.627 2.515 198.48 218.98 20.51 5.037 119.747 8.754289 0.0084 
1989.0A 3.627 2.515 218.8 240.76 21.97 5.258 131.366 8.307963 0.0076 
1989.0A 3.627 2.515 238.69 262.22 23.54 5.449 142.881 7.902999 0.0070 
1989.0A 3.627 2.515 263.85 289.62 25.76 5.686 157.69 7.465423 0.0063 
1989.0A 3.627 2.515 284.67 312.37 27.7 5.885 170.04 7.16362 0.0059 
1989.0A 3.627 2.515 297.89 326.93 29.04 5.991 177.985 6.968054 0.0056 
                    
1989.0B 4.037 2.512 70.3 85.45 15.15 1.23 50.298 6.255161 0.0199 
1989.0B 4.037 2.512 104.27 119.45 15.2 1.702 67.33 6.095901 0.0149 
1989.0B 4.037 2.512 161.93 177.72 15.79 1.508 96.753 3.599827 0.0103 
1989.0B 4.037 2.512 185.44 201.54 16.1 1.794 108.817 3.77065 0.0092 
1989.0B 4.037 2.512 201.96 218.32 16.36 1.955 117.347 3.790299 0.0085 
1989.0B 4.037 2.512 241.07 258.29 17.22 2.32 137.749 3.797429 0.0073 
1989.0B 4.037 2.512 291.84 310.44 18.6 2.745 164.521 3.735091 0.0061 
                    







1995.2 6.835 2.509 241.44 256.49 15.07 0.135 135.786 0.377275 0.0074 
1995.2 6.835 2.509 298.8 313.83 15.06 0.166 164.462 0.37871 0.0061 
                    
2001.1 5.734 2.507 18.94 104.9 85.96 1.092 95.427 19.01986 0.0105 
2001.1 5.734 2.507 65.83 154.53 88.7 2.916 121.616 16.89132 0.0082 
2001.1 5.734 2.507 160.99 254.03 93.04 6.154 173.538 16.79309 0.0058 
2001.1 5.734 2.507 256.08 352.3 96.23 8.081 224.275 14.87756 0.0045 
2001.1 5.734 2.507 292.73 390.59 97.88 8.706 244.246 14.27475 0.0041 
                    
2010.9 6.664 2.514 59.32 74.35 15.03 1.281 44.692 12.46087 0.0224 
2010.9 6.664 2.514 76.7 91.83 15.14 1.631 53.498 12.66477 0.0187 
2010.9 6.664 2.514 202.17 219.46 17.29 2.926 118.375 9.306419 0.0084 
2010.9 6.664 2.514 241.97 260.69 18.72 3.458 139.712 9.249228 0.0072 
2010.9 6.664 2.514 295.39 316.83 21.44 3.988 169.134 8.77166 0.0059 
                    
2013.8 4.436 2.489 71.81 86.83 15.02 0.772 50.923 4.317557 0.0196 
2013.8 4.436 2.489 129.18 144.39 15.22 1.214 79.805 4.005262 0.0125 
2013.8 4.436 2.489 143.72 158.96 15.25 1.32 87.12 3.948195 0.0115 
2013.8 4.436 2.489 208 223.62 15.63 1.034 119.628 2.188939 0.0084 
2013.8 4.436 2.489 236.81 252.65 15.84 1.204 134.244 2.253796 0.0074 
2013.8 4.436 2.489 269.08 285.21 16.13 1.369 150.674 2.268438 0.0066 
2013.8 4.436 2.489 297.42 313.85 16.44 1.489 165.142 2.241108 0.0061 
                    
2020.1 7.169 2.509 54.89 70.03 15.14 0.905 42.59 10.157 0.0235 
2020.1 7.169 2.509 73.58 88.79 15.23 1.189 51.987 10.33713 0.0192 
2020.1 7.169 2.509 100.41 115.75 15.34 1.572 65.545 10.35713 0.0153 







                    
2027.1B 3.488 2.503 62.1 76.97 14.88 0.016 45.925 0.079095 0.0218 
2027.1B 3.488 2.503 101.94 116.81 14.89 0.023 65.861 0.073312 0.0152 
2027.1B 3.488 2.503 127.07 142.01 14.95 0.028 78.484 0.073028 0.0127 
2027.1B 3.488 2.503 259.55 274.43 14.88 0.044 144.663 0.058899 0.0069 
2027.1B 3.488 2.503 277.44 292.33 14.89 0.047 153.615 0.059042 0.0065 
2027.1B 3.488 2.503 299 313.9 14.91 0.051 164.401 0.059644 0.0061 
                    
2033.6 6.207 2.512 50.2 65.3 15.11 0.81 40.202 8.48142 0.0249 
2033.6 6.207 2.512 71.12 86.28 15.17 1.12 50.727 8.668483 0.0197 
2033.6 6.207 2.512 91.95 107.19 15.24 1.414 61.211 8.71288 0.0163 
2033.6 6.207 2.512 297.23 316.25 19.02 2.968 167.639 6.095436 0.0060 
                    
2040.8 5.185 2.51 111.57 126.51 14.94 0.007 70.726 0.030383 0.0141 
2040.8 5.185 2.51 156.12 171.03 14.91 0.008 92.967 0.02552 0.0108 
2040.8 5.185 2.51 208.91 223.84 14.94 0.011 119.39 0.026727 0.0084 
2040.8 5.185 2.51 258.52 273.41 14.89 0.013 144.149 0.025821 0.0069 
2040.8 5.185 2.51 279.22 294.1 14.89 0.014 154.499 0.025841 0.0065 
                    
2047.5 5.827 2.508 87.78 102.69 14.92 0.006 58.802 0.036378 0.0170 
2047.5 5.827 2.508 148.08 163.02 14.94 0.009 88.979 0.033932 0.0112 
2047.5 5.827 2.508 211.01 225.95 14.93 0.012 120.442 0.03251 0.0083 
2047.5 5.827 2.508 274.58 289.51 14.94 0.015 152.225 0.031661 0.0066 
                    
2052.4 6.657 2.498 77.68 92.66 14.99 0.247 53.824 1.921192 0.0186 
2052.4 6.657 2.498 117.23 132.34 15.12 0.365 73.731 1.961358 0.0136 







2052.4 6.657 2.498 214.81 229.97 15.16 0.578 122.568 1.771727 0.0082 
2052.4 6.657 2.498 247.02 262.25 15.23 0.64 138.744 1.718623 0.0072 
2052.4 6.657 2.498 280.92 296.18 15.25 0.702 155.711 1.66795 0.0064 
                    
2061.2 4.045 2.508 167.09 182.15 15.06 0.099 98.607 0.231528 0.0101 
2061.2 4.045 2.508 208.58 223.59 15.02 0.123 119.302 0.233795 0.0084 
2061.2 4.045 2.508 238.61 253.65 15.03 0.14 134.336 0.234336 0.0074 
2061.2 4.045 2.508 265.35 280.44 15.09 0.155 147.769 0.234514 0.0068 
2061.2 4.045 2.508 299.07 314.17 15.09 0.174 164.629 0.234858 0.0061 
                    
2079.5 3.577 2.507 139.82 154.77 14.96 0.072 84.864 0.175828 0.0118 
2079.5 3.577 2.507 179.52 194.49 14.97 0.09 104.725 0.174298 0.0095 
2079.5 3.577 2.507 218.02 233.04 15.02 0.108 124.029 0.174248 0.0081 
2079.5 3.577 2.507 256.67 271.67 15 0.126 143.338 0.174189 0.0070 
2079.5 3.577 2.507 294.25 309.29 15.04 0.143 162.165 0.173526 0.0062 
                    
2083.9A 3.246 2.511 82.36 97.3 14.94 0.019 56.122 0.067735 0.0178 
2083.9A 3.246 2.511 104.5 119.45 14.95 0.024 67.202 0.069134 0.0149 
2083.9A 3.246 2.511 127.78 142.73 14.96 0.028 78.847 0.067182 0.0127 
                    
2083.9B 4.255 2.513 84.81 99.72 14.91 0.018 57.318 0.081843 0.0174 
2083.9B 4.255 2.513 101.44 116.35 14.91 0.02 65.636 0.077468 0.0152 
2083.9B 4.255 2.513 124.33 139.23 14.9 0.023 77.069 0.074074 0.0130 
2083.9B 4.255 2.513 138.08 153.02 14.94 0.025 83.984 0.073117 0.0119 
                    
2088.4 5.566 2.508 124.82 139.57 14.76 0.004 77.165 0.016873 0.0130 







2088.4 5.566 2.508 205.75 220.61 14.85 0.006 117.73 0.015905 0.0085 
2088.4 5.566 2.508 260.01 274.83 14.83 0.007 144.829 0.014871 0.0069 
2088.4 5.566 2.508 295.73 310.56 14.83 0.008 162.693 0.015031 0.0061 
                    
2094.1A 2.742 2.506 50.5 65.41 14.91 0.039 40.159 0.180657 0.0249 
2094.1A 2.742 2.506 60.14 75.02 14.89 0.045 44.955 0.17937 0.0222 
2094.1A 2.742 2.506 204.47 219.51 15.04 0.096 117.278 0.126218 0.0085 
2094.1A 2.742 2.506 227.61 242.64 15.04 0.106 128.841 0.125973 0.0078 
2094.1A 2.742 2.506 246.44 261.45 15.01 0.114 138.233 0.125664 0.0072 
2094.1A 2.742 2.506 280.94 295.97 15.04 0.13 155.511 0.126497 0.0064 
2094.1A 2.742 2.506 297.86 312.87 15.01 0.138 163.948 0.126992 0.0061 
                    
2094.1B 3.926 2.513 50.39 65.32 14.93 0.012 40.122 0.079279 0.0249 
2094.1B 3.926 2.513 73.75 88.65 14.91 0.016 51.783 0.075967 0.0193 
2094.1B 3.926 2.513 108.67 123.57 14.91 0.022 69.246 0.073892 0.0144 
2094.1B 3.926 2.513 294.55 309.49 14.96 0.043 162.231 0.056958 0.0062 
                    
2097.9 4.538 2.511 157.82 172.75 14.93 0.013 93.841 0.035901 0.0107 
2097.9 4.538 2.511 178.27 193.22 14.96 0.014 104.097 0.034515 0.0096 
2097.9 4.538 2.511 205.92 220.84 14.92 0.016 117.88 0.034463 0.0085 
2097.9 4.538 2.511 215.69 230.66 14.98 0.016 122.826 0.032984 0.0081 
                    
2120.4 6.839 2.515 67.92 82.85 14.93 0.154 48.895 1.366587 0.0205 
2120.4 6.839 2.515 110.98 125.94 14.98 0.252 70.47 1.443766 0.0142 
2120.4 6.839 2.515 170.15 185.21 15.05 0.377 100.134 1.457558 0.0100 
2120.4 6.839 2.515 210.9 225.99 15.09 0.455 120.537 1.438582 0.0083 







                    
2125.5A 3.321 2.519 61.54 76.62 15.09 0.761 45.857 3.557877 0.0218 
2125.5A 3.321 2.519 88.21 103.39 15.18 0.981 59.285 3.339048 0.0169 
2125.5A 3.321 2.519 110.48 125.69 15.21 1.128 70.454 3.136049 0.0142 
2125.5A 3.321 2.519 134.12 149.45 15.33 1.279 82.391 2.978078 0.0121 
                    
2125.5B 4.193 2.52 50.93 66 15.08 1.156 40.54 8.027468 0.0247 
2125.5B 4.193 2.52 64.58 79.72 15.15 1.346 47.439 7.609071 0.0211 
2125.5B 4.193 2.52 74 89.13 15.13 1.476 52.136 7.406956 0.0192 
2125.5B 4.193 2.52 77.48 92.64 15.16 1.504 53.902 7.246311 0.0186 
2125.5B 4.193 2.52 93.04 108.34 15.3 1.711 61.818 6.999856 0.0162 
2125.5B 4.193 2.52 97.07 112.34 15.27 1.747 63.813 6.882347 0.0157 
                    
2133.1A 3.787 2.519 63.37 78.37 15 0.226 46.688 1.175334 0.0214 
2133.1A 3.787 2.519 100.36 115.46 15.11 0.355 65.285 1.228268 0.0153 
2133.1A 3.787 2.519 157.28 172.44 15.16 0.527 93.8 1.209307 0.0107 
2133.1A 3.787 2.519 216.82 232.07 15.25 0.697 123.663 1.18437 0.0081 
2133.1A 3.787 2.519 254.48 269.82 15.35 0.81 142.585 1.182532 0.0070 
                    
2133.1B 3.271 2.519 106.51 121.59 15.09 0.235 68.343 0.665718 0.0146 
2133.1B 3.271 2.519 164.74 179.9 15.16 0.356 97.531 0.675917 0.0103 
2133.1B 3.271 2.519 228.63 243.8 15.18 0.479 129.491 0.668911 0.0077 
2133.1B 3.271 2.519 288.22 303.43 15.22 0.584 159.336 0.654377 0.0063 
                    
2137.4 6.565 2.516 106.01 121.01 15 0.241 68.009 1.380032 0.0147 
2137.4 6.565 2.516 141.96 157.03 15.07 0.314 86.055 1.377 0.0116 







2137.4 6.565 2.516 228.53 243.66 15.12 0.459 129.391 1.290246 0.0077 
2137.4 6.565 2.516 297.02 312.19 15.17 0.564 163.679 1.235536 0.0061 
                    
2139.9A 3.718 2.515 69.05 84.09 15.05 0.81 49.576 3.848294 0.0202 
2139.9A 3.718 2.515 110.76 125.96 15.2 1.117 70.578 3.480005 0.0142 
2139.9A 3.718 2.515 140.79 156.03 15.25 1.314 85.652 3.288096 0.0117 
2139.9A 3.718 2.515 217.73 233.48 15.75 1.095 124.617 1.821939 0.0080 
2139.9A 3.718 2.515 255.86 271.89 16.04 1.331 143.962 1.899711 0.0069 
2139.9A 3.718 2.515 272.56 288.81 16.25 1.419 152.532 1.906057 0.0066 
                    
2139.9B 3.33 2.52 67.67 82.61 14.95 0.251 48.782 1.08368 0.0205 
2139.9B 3.33 2.52 113.12 128.15 15.03 0.4 71.596 1.09183 0.0140 
2139.9B 3.33 2.52 146.47 161.56 15.09 0.483 88.325 1.04044 0.0113 
2139.9B 3.33 2.52 197.07 212.24 15.17 0.608 113.71 0.993343 0.0088 
2139.9B 3.33 2.52 246.12 261.31 15.2 0.718 138.252 0.951127 0.0072 
                    
2144.6 2.451 2.521 66.47 85.3 18.84 8.98 52.071 28.0802 0.0192 
2144.6 2.451 2.521 90.93 113.48 22.56 10.588 68.016 24.64677 0.0147 
2144.6 2.451 2.521 113.8 140.9 27.1 11.502 84.006 21.50729 0.0119 
2144.6 2.451 2.521 150.13 186.3 36.18 12.54 111.244 17.74736 0.0090 
2144.6 2.451 2.521 192.9 242 49.09 13.434 145.543 14.68897 0.0069 














y = 0.2038x + 0.0122 























1775.3 y = 0.4138x + 0.0178 





















y = 8505.8x + 207.8 





















1783.2 y = 2918.2x + 10.723 































y = 15189x + 265.45 




















1784.9 y = 9997.6x + 67.126 
























y = 11487x + 146.15 





















1789.9 y = 24546x + 712.75 





























y = 17790x + 557.48 





















1794.6 y = 390.21x + 3.9562 






















y = 6.708x + 0.1611 






















1803.7 y = 3583x + 21.979 





























y = 1.0923x + 0.0077 





















1813.9 y = 17020x + 812.53 
























y = 16100x + 572.6 





















1819.6A y = 18582x + 640.04 
































y = 267.33x + 4.2635 





















1823.8 y = 12249x + 219.19 
























y = 1327.1x + 10.834 





















1833.4 y = 603.79x + 6.6402 

































y = 1874.3x + 18.313 





















1840.4 y = 4567.9x + 40.535 























y = 5096.5x + 42.995 























1847.9 y = 87.371x + 5.7092 

































y = 180.91x + 4.1061 




















1861.4 y = 0.0425x + 0.0051 






















y = 0.1254x + 0.0042 






















1865.5B y = 0.2137x + 0.0081 































y = 0.3931x - 0.0002 






















1920.6 y = 183.82x + 2.1017 























y = 2284x + 8.8313 




















1956.8B y = 0.9873x + 0.0697 





























y = 3.1347x + 0.0898 























1972.6 y = 3.0025x + 0.18 






















y = 654.2x + 3.3115 




















1989.0A y = 205.11x + 2.5059 






















































1995.2 y = 693.18x + 11.543 




















y = 248.3x + 7.3826 






















2010.9 y = 44.787x + 3.4387 





























y = 196.49x + 6.2981 





















2020.1 y = 1.3258x + 0.0523 





















y = 202.52x + 4.9893 




















2033.6 y = 0.6125x + 0.0217 































y = 0.4505x + 0.0288 























2047.5 y = 40.203x + 1.4295 





















y = 0.8074x + 0.1179 






















2061.2 y = 0.0418x + 0.1739 




























y = 0.8884x + 0.0559 























2083.9A y = 1.5901x + 0.0537 





















y = 0.2639x + 0.0135 



















2088.4 y = 3.2235x + 0.1033 



























y = 0.5158x + 0.0663 




















2094.1B y = 1.1525x + 0.0236 
























y = 16.571x + 1.2952 























2120.4 y = 59.509x + 2.2857 
































y = 125.63x + 4.9473 




















2125.5B y = 5.7883x + 1.1417 























y = 5.1173x + 0.625 























2133.1B y = 24.847x + 1.0888 

































y = 163.55x + 0.8663 




















2139.9A  y = 20.478x + 0.8077 






















y = 1132.3x + 7.2404 























































Stress-Strain Curve for 1460.8 ft (Potosi Formation) 
 
 
Stress-Strain Curve for 1480.6 ft (Potosi Formation) 
 
 
Stress-Strain Curve for 1487.2 ft (Potosi Formation) 
 









Stress-Strain Curve for 1502.1 ft (Potosi Formation) 
 
 
Stress-Strain Curve for 1510.8 ft (Potosi Formation) 
 
 
Stress-Strain Curve for 1515.8 ft (Potosi Formation) 
 









Stress-Strain Curve for 1532.0 ft (Derby Doe Run Formation) 
 
 
Stress-Strain Curve for 1536.6 ft (Derby Doe Run Formation) 
 
 
Stress-Strain Curve for 1546.1 ft (Derby Doe Run Formation) 
 









Stress-Strain Curve for 1555.7 ft (Derby Doe Run Formation) 
 
 
Stress-Strain Curve for 1558.9 ft (Derby Doe Run Formation) 
 
 
Stress-Strain Curve for 1563.6 ft (Derby Doe Run Formation) 
 









Stress-Strain Curve for 1574.0 ft (Derby Doe Run Formation) 
 
 
Stress-Strain Curve for 1578.1 ft (Derby Doe Run Formation) 
 
 
Stress-Strain Curve for 1586.1 ft (Derby Doe Run Formation) 
 









Stress-Strain Curve for 1596.4 ft (Derby Doe Run Formation) 
 
 
Stress-Strain Curve for 1601.0 ft (Davis Formation) 
 
 
Stress-Strain Curve for 1612.0 ft (Davis Formation) 
 









Stress-Strain Curve for 1620.1 ft (Davis Formation) 
 
 
Stress-Strain Curve for 1625.1 ft (Davis Formation) 
 
 
Stress-Strain Curve for 1634.6 ft (Davis Formation) 
 









Stress-Strain Curve for 1669.8 ft (Davis Formation) 
 
 
Stress-Strain Curve for 1684.4 ft (Davis Formation) 
 
 
Stress-Strain Curve for 1688.4 ft (Davis Formation) 
 









Stress-Strain Curve for 1700.3 ft (Davis Formation) 
 
 
Stress-Strain Curve for 1703.7 ft (Davis Formation) 
 
 
Stress-Strain Curve for 1709.1 ft (Bonneterre Formation) 
 









Stress-Strain Curve for 1718.4 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1724.4 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1725.9 ft (Bonneterre Formation) 
 









Stress-Strain Curve for 1731.0 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1740.9 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1746.2 ft (Bonneterre Formation) 
 









Stress-Strain Curve for 1755.6 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1765.1 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1775.3 ft (Bonneterre Formation) 
 









Stress-Strain Curve for 1783.2 ft (Reagan Formation) 
 
 
Stress-Strain Curve for 1783.8 ft (Reagan Formation) 
 
 
Stress-Strain Curve for 1784.9 ft (Reagan Formation) 
 









Stress-Strain Curve for 1789.9 ft (Reagan Formation) 
 
 
Stress-Strain Curve for 1793.6 ft (Reagan Formation) 
 
 
Stress-Strain Curve for 1794.5 ft (Reagan Formation) 
 









Stress-Strain Curve for 1811.3 ft (Reagan Formation) 
 
 
Stress-Strain Curve for 1813.9 ft (Reagan Formation) 
 
 
Stress-Strain Curve for 1815.4 ft (Reagan Formation) 
 









Stress-Strain Curve for 1833.4 ft (Reagan Formation) 
 
 
Stress-Strain Curve for 1834.7 ft (Reagan Formation) 
 
 
Stress-Strain Curve for 1840.4 ft (Reagan Formation) 
 









Stress-Strain Curve for 1847.9 ft (Reagan Formation) 
 
 
Stress-Strain Curve for 1852.7 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1861.4 ft (Bonneterre Formation) 
 









Stress-Strain Curve for 1890.9 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1907.4 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1918.5 ft (Bonneterre Formation) 
 









Stress-Strain Curve for 1936.7 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1944.6 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1951.4 ft (Bonneterre Formation) 
 









Stress-Strain Curve for 1972.6 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1978.3 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 1983.3 ft (Bonneterre Formation) 
 









Stress-Strain Curve for 1995.2 ft (Bonneterre Formation) 
 
 
Stress-Strain Curve for 2001.1 ft (Lamotte Formation) 
 
 
Stress-Strain Curve for 2010.9 ft (Lamotte Formation) 
 









Stress-Strain Curve for 2020.1 ft (Lamotte Formation) 
 
 
Stress-Strain Curve for 2033.6 ft (Lamotte Formation) 
 
 
Stress-Strain Curve for 2040.8 ft (Lamotte Formation) 
 









Stress-Strain Curve for 2052.4 ft (Lamotte Formation) 
 
 
Stress-Strain Curve for 2088.4 ft (Lamotte Formation) 
 
 
Stress-Strain Curve for 2103.8 ft (Lamotte Formation) 
 









Stress-Strain Curve for 2125.5 ft (Lamotte Formation) 
 
 



















































































Hydrofrac Pressure Test for Interval 7 (1864.7 ft – 1869.0 ft) 
 
 










Square Root Time Plot for Interval 7 (1864.7 ft – 1869.0 ft) 
 
 














Hydrofrac Pressure Test for Interval 6 (1880.3 ft – 1884.6 ft) 
 
 










Square Root Time Plot for Interval 6 (1880.3 ft – 1884.6 ft) 
 
 














Hydrofrac Pressure Test for Interval 5 (1942.3 ft – 1946.6 ft) 
 
 










Square Root Time Plot for Interval 5 (1942.3 ft – 1946.6 ft) 
 
 




























Square Root Time Plot for Interval 4 (1995.3 ft – 1999.6 ft) 
 
 














Hydrofrac Pressure Test for Interval 10 (2013.0 ft – 2017.3 ft) 
 
 










Square Root Time Plot for Interval 10 (2013.0 ft – 2017.3 ft) 
 
 














Hydrofrac Pressure Test for Interval 3 (2022.0 ft – 2026.3 ft) 
 
 










Square Root Time Plot for Interval 3 (2022.0 ft – 2026.3 ft) 
 
 




























Square Root Time Plot for Interval 2 (2065.3 ft – 2069.6 ft) 
 
 













Hydrofrac Pressure Test for Interval 9 (2084.3 ft – 2088.6 ft) 
 
 










Square Root Time Plot for Interval 9 (2084.3 ft – 2088.6 ft) 
 
 














Hydrofrac Pressure Test for Interval 1 (2102.0 ft – 2106.2 ft) 
 
 











Square Root Time Plot for Interval 1 (2102.0 ft – 2106.2 ft) 
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